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When radioactive tracer techniques began to be 
used in studies on translocation in plants, experiments 
of a hitherto unparalleled degree of precision and in- 
cisiveness became possible. Many of the results ob- 
tained to date with isotopic techniques have merely 
been a confirmation, in a much more elegant way, of 
phenomena that had already been rather well estab- 
lished by other methods. But, data from tracer 
studies have lately been appearing in the literature 
which permit a much more quantitative evaluation of 
the translocation process than had previously been 
possible. The main feature of these data is that there 
is generally a more or less linear relationship between 
the logarithm of the radioactivity at any place in the 
stem and its distance from the region of application 
(1, 2,3). In this paper the consequences of a number 
of simple theories of translocation have been derived 
mathematically, in order to see which of these theories 
are plausible and conform to experimental observa- 
tions. In addition it is hoped that these analyses may 
make more clear the kinds of experiments necessary 
to define the character of the translocation process. 

1. FLow THROUGH A PIPE WITH IRREVERSIBLE Loss 
THROUGH THE WALLs: At least two extant theories 
of translocation involve the movement “en masse” of 
all or a portion of the fluid contained in the sieve 
tube. These are the theories of protoplasmic stream- 
ing in which the movement is actuated by living 
protoplasm, and pressure flow in which osmotic pres- 
sure supplies the motive force (4). The latter theory 
will be dealt with in more detail in a later section. 
For the purposes of this model, translocation is visual- 
ized simply as involving unidirectional mass flow of 
the fluid contents of a pipe (the sieve tube column) 
regardless of the actuating mechanism. The presence 
of sieve plates will provide an additional obstacle to 
flow in the pipe, and may be of importance in de- 
ciding what actuating mechanism operates, but need 
not invalidate the use of a pipe as a model for the 
sieve tube column. Solute may diffuse through the 
walls of the pipe, but no net transfer of water occurs 
between the inside and outside of the pipe. Further- 
more, although the flow is laminar, as is shown in ap- 
pendix 1, there is assumed to be sufficient mixing so 
that concentrations within the pipe are essentially 
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uniform throughout its cross section. In addition, at- 
tenuation of concentration at the front of flow of a 
solute, continuously injected into the pipe at some 
point, is assumed to be unimportant. Sufficient mix- 
ing might be obtained by diffusion and as a result of 
the interference to flow presented by the sieve plates. 
In order to explain the experimentally observed 
distribution of radioactivity in short term transloca- 
tion experiments, we consider the following situation. 
Suppose that for a distance h somewhere along the 
pipe, it is surrounded by a steady state concentration 
C, of the radioactive material X, and that K is a first 
order constant characterizing the rate of transfer of X 
through the pipe wall in the region h. If the velocity 
of flow of the fluid in the pipe is v and the pipe cross 
sectional area is A,, then the concentration of X in 
the pipe at the outflow edge of the region h is 
Kh 
Co = Ci(1 —e Av), (1) 


In order to account for X after it leaves the region 
h, we use the following additional symbols: 


x= distance along the pipe from the region h in 
the direction of flow. 
time. 
concentration of X in the pipe at any dis- 
tance x. 
C,=concentration of X in the tissue surrounding 
the pipe at any distance x. 
k=constant for diffusion of X through the pipe 
wall or a first order chemical reaction rate 
constant for removal of X from the flowing 
stream into a bound form. 

A, = cross sectional area of tissue surrounding the 

pipe. 

If there is neither diffusion of X out of the pipe 
nor net diffusion of water into the pipe, then there 
will be no attenuation of X concentration in the stem 
with distance away from the source region h. This 
obviously does not conform to experimental observa- 
tions with P32, C14, and K** (1, 2, 3). 

However, if X may diffuse out of the pipe and is 
thereupon chemically bound into a species unable to 
diffuse back, then C, will be subject to the following 
relation: 


C 


p 


(2) 


dC, _ 
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Integrated, this gives: 
_kix 
C, = Ce *. (3) 

The concentration, C,, in the pipe, therefore, is 
not time dependent, and fulfills equation 3 from the 
end of region h to the front of flow of X. Beyond 
that it is zero. 

Therefore, the concentration, C, (which is in a 
bound form), in the tissue surrounding the pipe at a 
distance x, anywhere from region h to the front of 
flow of X, is given by: 


« 2 Boe RE... « 
“=F ge (:-2) 
_kix x 
= koCye “(t-*) (4) 


The total amount of X, then, at any level in the 
stem from region h to the front of flow is 


kix kix 
X =A,Core Y + ArtkeCoe 
. _kix 
— A= kaCve v, (5) 


or 
kix ( = 
x = Ce * \Ap +k (i — =), (6) 


and 


log. P 4 — loge Co + log. 14s + k (i bare a} 


kix 
mae 
(7) 
The slope of the curve relating log, X and x is 


d loge X _ k kK 


dx x a vA, 
Vv (a, + k (« eas *)) 


and for a given value of x, decreases with time at the 
rate given by: 


d? log. X _ k? 


dxdt 2 
* (ese(=3) 


The rate of increase of log, X with respect to time is 


d log. X _ k 
i x 
A,+k(t—= 
Vv 





(8) 





(9) 








, (10) 


The rate of change of the slope with respect to dis- 
tance and time in any region of the stem will decrease 
as this region falls farther behind the front of flow of 
X (that is, as (t-—x/v) increases). 

That the formulations resulting from this analysis 
give a good representation of experimental data can 
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Fic. 1. Comparison of the radioactivity distributions 
obtained with models 1 and 3. Abscissa is distance along 
stem in millimeters. The ordinate is radioactivity per 
mm of stem in units of logarithm to the base 10. The 
curves through the crosses (Xx), referring to the right 
hand ordinate, are for model 1 with immediate attain- 
ment of the steady state in the source region h. They 
are, respectively, for %4, 4%, and 2 hours. The curves 
through the circles (©), referring to the left hand ordi- 
nate, are for model 3, with a half time of 24 minutes for 
attainment of the steady state in the source region h. 
They are also, respectively, for %4, %, and 2 hours. Other 
parameters, applicable to all curves, are Apy=0.1 mm’, 
k=2 mm’*/hr, and v = 500 mm/hr. 


be seen from figure 1, where equation 6 is plotted on 
semi-logarithmie coordinates. The following parame- 
ters, reasonable for the bean plants used by Biddulph 
and Cory (3), were assumed: A, = 0.1 mm?, and v = 500 
mm/hr. With a value for k of 2 mm?/hr, curves re- 
sult that are much like those obtained by Biddulph 
and Cory (3) with P32. The steeper slopes for their 
curves of P?? distribution at short times are partially 
accounted for in equation 8 from which one would 
predict a somewhat greater slope at short times. How- 
ever, one would also expect greater slopes at short 
times, due to the fact that X is only just beginning to 
diffuse into the region h around the pipe, and C, and 
therefore Cp are still rising to their steady state values. 

Swanson and Whitney (2) have made some inter- 
esting observations on the simultaneous translocation 
of two radioisotopes which can be interpreted in the 
light of the formulation developed here. In all cases, 
apparently, a plot of the logarithm of their radioac- 
tivities against distance from the point of application 
was linear. But whereas the slopes for Cs!87 and P*, 
applied simultaneously, were different, those for K® 
and P®? were the same. Equation 8 shows that the 
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slope is determined by the three parameters k, Aj, 
ani v. There is no need, therefore, to suppose, as 
Swanson and Whitney apparently did, that a differ- 
ence in slope necessarily implies a difference in the 
rate of flow v, since differences in k or A, can ade- 
quately account for it. 

However, the data comparing K#? and P®? cannot 
be resolved, in the present formulation, without assum- 
ing completely different modes of transport for K4? 
and P8?, i.e., different A,’s or v’s or both different. 
For although the slopes for these two substances re- 
mained the same, the rates of increase of the loga- 
rithms of their radioactivity with respect to time were 
different. Therefore, according to equation 10 at least 
one of the parameters, k, v, or A, must differ. But 
since the slopes are the same, equation 8 demands 
that at least two of these parameters must differ. So 
either the v’s or the A,’s or both involved in the trans- 
port of potassium and phosphorus must be different. 

2. FLow THROUGH A PIPE WITH REVERSIBLE Loss 
THROUGH THE WaALLs: This situation is like that of 
the preceding model except that X is not bound into 
an inert form upon leaving the flowing stream, but is 
available for reentry into it. Using the same symbols 
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Fig. 2. Distribution of radioactivity with distance 


according to model 2. Abscissa is distance along stem 
in millimeters. Ordinate is radioactivity per millimeter 
along stem in arbitrary units on a logarithmic scale. The 
curves are for 6, 8, and 10 hours respectively. The other 
parameters, applicable to all curves, are ki=1 hr“, ke=1 
hr", and v = 200 mm/hr. 


as before, this can be formulated mathematically in 
the following way: For the contents of the pipe con- 
tained within any element dx, conservation of matter 
demands that 

m . 
aC, _ dC, K 


a” "=" iho 
2 


ox 


The first term on the right side accounts for change 
in concentration due to flow of fluid in the pipe and 
the second term for transfer between the inside and 
outside of the pipe. 

For the tissue surrounding the pipe and contained 
within the element dx 

= £ (C,- C) = k(C, = C). (12) 
ot At 

The integration of these equations is far more diffi- 
cult than the ones for the model with irreversible loss. 
Fortunately, an essentially similar problem has already 
been solved for the case of heat transfer between a 
fluid flowing in a pipe and the walls of the pipe (5). 
Using these results and the following convenient arbi- 
trary values for the parameters: k, = 1 hr, ky =1 hr“, 
and v = 200 mm/hr, the curves of figure 2 were drawn. 
They show the distribution of X in the stem after 6, 
8, and 10 hours and are obviously far different from 
experimental curves. 

The model with irreversible loss is essentially a 
special limiting case of the model with reversible loss, 
and the results of section I can also be obtained from 
equations 11 and 12. In the case of irreversible loss, 
they become 


k.(C, — C,). (11) 





aC, OC, iat ' 
Ot + Vv 7 = k,C, (13) 
and 
aC 
= = k.C,. (14) 
By introducing two new variables 
y= (15) 
Vv 
and 
z= ke (i “s *), (16) 
they simplify to 
aC, _ 
Oy - C, (17) 
and 
dC, 
= ch (18) 


Equation 17 integrates to 
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kix 
C, = Ce *. (19) 
By substituting this value for C, in 18, one obtains 
_ kx x 
Cc. = k»eCoe ie (« a *). (20) 


Equations 19 and 20 are identical with 3 and 4 respec- 
tively. 

3. FLow THRouGH A PIPE WITH A TIME VARIABLE 
Source or Raproactiviry: In the preceding models, 
the concentration, C,, of the radioactive substance in 
the source region h surrounding the pipe, was assumed 
to be constant. - Since this is obviously not always 
true and a non-steady state in the source region at 
short times was already invoked to explain certain 
features of the behavior of P®*, a quantitative treat- 
ment of a non-steady state situation is given here. 

The model treated is one that might be useful in 
analyzing data, such as that of Vernon and Aronoff 
(1), who illuminated a leaf completely enclosed in an 
atmosphere containing C'4O, and followed the distri- 
bution of the radioactive translocate. The following 
symbols, in addition to those already defined, are used: 


o=rate of photochemical fixation of CO, in the 
source region h. 
A= isotopic ratio of C#Og. 
K = constant for diffusion of C, from region h into 
the pipe. 
Ay = average cross sectional area of the region h. 
h=length of the pipe within the region h. 


Distance is measured from the outflow end of the 
region h and is positive in the direction of flow. 

If we assume that the flowing fluid in the pipe 
leaches X out of region h at such a slow relative rate 
that C, is essentially constant over the whole length h 
and that C, does not appreciably change in the time 
h/v, then the following equation holds in the length h: 





oo ‘ 
“& “iy (C, — C,). (21) 
Integration of equation 21 gives: 
a=ite+h 
Cc, =Ci(l-—e 4” ) 
—Ex+h) 
=C,(l-—e ), (22) 
and at x=0 
—Ky, 
C,=C(l—e ” ). (23) 


The rate of loss of X from region h into the pipe 
is from equation 23: 


Ki 
——h 
y = A,vCyp = A,vC,(l —e * ). (24) 
Or, the rate of decrease in C, in the region h due to 


loss to the pipe is: 


_ ApvC, —y z 
Vv. = —_ (l-e 3 (25) 


(By expanding the exponential term in a Taylor's 
series around zero, it is easily seen that, as should »e 
expected from the physical qualities of the syste:a, 
Ve > C, K/Ay as V> ©.) 

The rate of change of C,, then, is given by 





dC, ApvC; ay 
— =ov\ — 7, =or\ —- —— ah @ oR 
dt a v o Ayh (1 — ¢ } (26) 
Or, introducing the composite constants: 
Ay a 
A= A,b (27) 
and 
Ky, 
y = Av(l—e *), (28) 
we get 
dC : 
-— = od — yC. (29) 
Integration of 29 gives 
. oN 
C, = — (1 -—e™"). (30) 
i 


Upon substituting this value for C, in equation 23, we 
get an expression describing how the supply of radio- 
active material X, for translocation from the source 
region h, varies with time: 


= 
G=F 


Now suppose, as in the first model, that X, in the 
course of flowing down the pipe, is lost irreversibly to 
the surrounding tissue. Then, the concentration, C,, 
will be governed by equation 2, also as in the first 
model. In the present case, however, there is a time 
variable boundary condition, and integration of equa- 
tion 2 gives 


(1 — e-*), (31) 





1 _ Jor —r(t-) <3 . 
Cp = j47-(l-—e v x. 3% 

, {Av ’ ) : (32) 

To calculate C, as a function of x and t integrate 
dc, k Y aT « 

ih C, = kC,, (33) 


getting 


Cr(t) _kix od t 
| dC, = kee | (1 
0 Av x/v 


a <* “wy dr 





(34) 


and 


C.—k “aH 
/t = Kee an is 


| < 1K 
~l— NY 


oe 
e-* yf. (35) 
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The content of radioactivity at any level in the 
stem, therefore, from region h to the front of flow is: 


xX = A,Cp + A.C, (36) 
or 
af ( io 3) r(t-3) _ 3° 
X= 4k(t- 3) + )(Ay — =) 
_kix 
ae een A 


Equation 6 of the first model is clearly a limiting case 
of 37 when the arrival at the steady state is instan- 
taneous, or when y= 00. When there is no loss from 
the pipe, i.e., when k = 0, then 37 reduces to: 


- _ Anhordr —y(t—* 

. ae 3 Oy), (38) 
The slope obtained from plotting equation 37 on 

semi-logarithmie coordinates is 








d log. X _ 
— 
ky (vAy _ 5) —1(t-%) 
= Vv +( Vv v/° 
k(t _ z) +0-<0 HF (a, - ) 
: 
k 
—qy (69) 


The effect of the non-steady state situation on the 
family of curves obtained at various times can be suc- 
cinctly demonstrated by a consideration of the slope 
at x= 0 and when the source region h has attained 
half its steady state concentration. The time to reach 
a half of the steady state concentration can be ob- 
tained from equation 30 and is 0.693/y. Upon substi- 
tuting these values of t and x in equation 39, and 
simplifying, one obtains 


| log. X a. 
4)... in: snccpeianatia et - =. (40) 





dx 


Thus during the time when the source region is ap- 
proaching its steady state, the slope will be greater by 
an amount that increases with y, the time constant for 
approach. However, limits on the effect that y can 
exert are imposed by itself, since a larger y will not 
only inerease the slope but will also decrease the dura- 
tion of the increased slope by speeding up the ap- 
proach to the steady state. As (t-x/v) increases, 
1e., as the region of the stem under consideration falls 
farther behind the front of flow, equations 37 and 39 
approach the same values as 6 and 8. 

These considerations probably preclude an expla- 
nation of the available data (1, 3), about attenuation 
of radioactivity with distance down the stem, that is 


based only on the non-steady state and does not make 
use of loss from the pipe as well. For, assuming a 
half time for attainment of the steady state of 24 min- 
utes and a value of v equalling 500 mm/hr, one finds 
from equation 38 that, in the first 160 mm of trans- 
location path, the attenuation of radioactivity is mostly 
well within one order of magnitude between 15 and 30 
minutes and is rapidly decreasing. The experimentally 
observed degree of attenuation, however, is commonly 
around two to three orders of magnitude for P* (3) 
and C!4 (1). 

A comparison of the curves obtained with respec- 
tive half times, for attainment of the steady state, of 
24 minutes (y= 1.73) and 0 (y=) is shown in fig- 
ure 1. The following additional parameters used are 
the same for the two curves: A, = 0.1 mm?, v = 500 
mm/hr, k=2. The non-steady state curve obtained 
at %4 hour, where the front of flow is at 125 mm, is 
very similar to some of the C!* curves obtained by 
Vernon and Aronoff (1). 

4. Osmotic Pressure FLow: The “pressure flow” 
theory of translocation (4) accounts for flow in the 
sieve tubes by the entrance of water into the translo- 
cation system under a high osmotic pressure at the 
end which supplies sugar, and its elimination under a 
low osmotic pressure at the end which receives sugar. 
The turgor pressure at the supplying end of the sys- 
tem must, therefore, be sufficient to, at the least, over- 
come viscous and other resistances through the length 
of the translocation column, to cause any required 
momentum increases of liquid in the pipe, and also to 
squeeze water out of the column against a small os- 
motic pressure at the receiving end. Although there 
are several detailed qualitative treatments of the pres- 
sure flow theory from a botanical point of view (4, 
6, 7), there is no quantitative physical treatment. An 
attempt in this direction is made in what follows, with 
the hope that it may make clearer some of the factors 
involved in the pressure flow theory and their inter- 
action. 

A simple model, shown in figure 3, is considered. 
The left hand pipe, labelled S, contains an upper 
region in which sugar is produced by photosynthesis, 
an intermediate region analogous to the sieve tube col- 
umn, and a lower consuming region in which sugar is 
removed by respiration or is transformed to an os- 
motically less active form. Adjacent to the pipe S 
and separated from it by a rigid membrane, perme- 
able to water but not sugar, is the pipe Z (analogous 
to the xylem column), containing water, and con- 
nected to a water supply that is assumed to be limit- 
less. The walls of both pipes are rigid. 

Sugar produced in the photosynthetic region causes 
an osmotic influx of water which raises the pressure at 
the head of the column and causes a flow of sugar 
solution down the column, with water being squeezed 
below from pipe § into pipe Z. If the photosynthetic 
and sugar consuming rates are constant a steady state 
distribution of sugar concentration, pressure, and veloc- 
ity of flow will eventually be achieved in pipe 8S. An 
approximate mathematical description of the steady 
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state system can perhaps be made in the following 
way. 

The same symbols as were used previously are used 
here, and the distance x along the pipe is positive in 
the downward direction. The equation of continuity 
in pipe $, applicable outside the photosynthetic or 
consuming regions, states that the number of mole- 
cules of sugar passing any pipe cross section is con- 
stant, and is written 


d(ApvCy) _ 
dx 8 


If, as in several of the previous models, sugar is re- 
moved from solution in the pipe at a rate proportional 
to its concentration, then this equation is modified to 
d(AyvCy) 

dx 


0. (41) 


= —kC,. (42) 


In the event that sugar is removed from the pipe at a 
rate independent of its concentration by an enzyme 
limited reaction (as, for instance, may occur when the 
phloem column passes alongside a uniformly active 
layer of cambium) then the continuity equation be- 
comes 

d(A,vC,) _ 

dx 


where y is a constant. 

Since, in the model, the walls of the pipe are rigid 
and the liquid is incompressible, any passage of water 
into or out of pipe S must be accompanied by a corre- 


sponding passage in the reverse direction somewhere. 
Therefore, the velocity of flow changes in response ‘o 
entrance or exit of water. If we make the approxim:- 
tion that the density of sugar solution and water are 
equal, then the following expression is probably a 
reasonably good representation of the rate of entrance 
or exit of water: 


dv 


ix 


where a and £ are constants and P, is the pressure in 
pipe S and P, is the pressure in pipe Z. This says 
that water enters the pipe at a rate proportional to 
sugar concentration in the pipe (in analogy to the ap- 
proximate proportionality between sugar concentra- 
tion and the equilibrium osmotic pressure) and leaves 
it at a rate proportional to the pressure difference be- 
tween pipe S and pipe Z. 

The pressure gradients in pipes S or Z can be given, 
at least approximately, by the following expression 

dP _ 


— = —eV, (45) 
dx 


A aC, — B(P, — P,), (44) 


where P is the pressure in the pipe and ¢ is a con- 
stant. The justification for the use of an expression 
of this type in the present system and the significance 
of ¢ are discussed in appendix 1. 

By the use of any one of the three equations 41, 
42, or 43, together with both 44 and 45 (applying to 
both P, and P,), one has the basis for a mathematical 
description of the system. However, these equations 
implicitly involve assumptions which are only approxi- 
mations of greater or lesser reliability. For instance, 
it is taken for granted in equation 44 that, despite the 
occurrence of laminar flow, there is good mixing 
throughout the cross section of the pipe, and the possi- 
bility of variation in sieve tube properties along its 
length is completely ignored. Nevertheless, a further 
discussion of the model may make some of the fea- 
tures of osmotic pressure flow clearer. 

Although it is designed to explain translocation in 
the phloem, the osmotic pressure flow theory involves 
a complete cycle of liquid transport down the phloem 
column and up again through the xylem. The force 
actuating this cycle is the turgor pressure of the 
chlorenchyma of the leaf, which, in the simple theory, 
must be sufficient to do the following: 1) push the 
flowing liquid through the plasmodesmata, sieve tubes, 
and sieve plates constituting the translocation column; 
2) exert a turgor pressure on the inside of the mem- 
branes of the sugar consuming cells sufficiently greater 
than the equilibrium osmotic pressure of these cells so 
that water is forced out against the osmotic gradient 
at a rate necessary to account for the flow rate in the 
phloem; 3) push an amount of water up through the 
xylem equal to what has flowed down through the 
phloem. This last requirement cannot simply be ac- 
counted for as part of the ordinary rise of water in 
the transpiration stream for the osmotic pressure flow 
theory adds an extra transport burden to the xylem 
beyond that due to transpiration. One can explain 
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the extra flow in the xylem as due either to the turgor 
in the chlorenchyma forcing water through a complete 
eycle, or to an extra tension in the xylem water col- 
umn. But these are equivalent since an extra tension 
in the xylem means that the turgor of the leaf chloren- 
chyma is correspondingly decreased. 

In general one would expect from the simple pres- 
sure flow theory that the rate of flow varies with dis- 
tance along the pipe, according to equation 44. The 
size of this effect, however, depends on the difference 
between terms involving concentration in the phloem 
and pressure. If the pressure dissipation down the pipe 
is paralleled by a corresponding decline in concentra- 
tion (as by loss to adjacent tissue), there may be only 
a small variation in flow rate over long distances. 

Crafts (10) has made the interesting suggestion 
that flow through the sieve plates, under the influence 
of osmotie pressure, does not occur through the micro- 
scopically visible sieve plate perforations, but rather 
through very small submicroscopic passages. He pro- 
poses that these passages have a diameter of about 
150 to 450 A. A quantitative evaluation of this pro- 
posal, however, indicates that it makes unacceptably 
large demands upon the osmotic pressure flow theory. 
Carman (11) has summarized the physical aspects of 
water flow through porous media which are used as 
the theoretical basis for the following calculations. 

From measurements on Cucurbita (7), the follow- 
ing are used as reasonable dimensions: 0.05 em for 
length of sieve tube element; 3x10 em? for cross 
sectional area; 5x 10-* em for depth of sieve plate. 
Assume that submicroscopie pores of diameter 4 x 10-6 
em occupy 50% of the cross sectional area of the 
sieve plate, and an overall velocity of flow of 0.014 
em/see (50 em/hr) (3). The velocity of flow through 
the sieve plate, therefore, is 0.028 em/sec. One can 
calculate the pressure drop through one sieve cell and 
one sieve plate, under these conditions, simply by ap- 
plying the Hagen-Poiseuille equation (equation 46 in 
appendix 1). The flow through one sieve cell requires 
a pressure drop of only about 10-5 atmospheres. How- 
ever, the pressure drop across one sieve plate, where 
the capillary cross section is about 4x 10-!* 7 em”, is 
one half an atmosphere. Even if the equation for 
laminar flow between parallel plates (8) is used, the 
pressure drop across a single sieve plate is still about 
one fifth or one sixth of an atmosphere. With two 
sieve plates every millimeter, it would be impossible 
to expect even an available turgor pressure of 20 at- 
mospheres (10) to cause flow through the transloca- 
tion column. 

5. CyLcosis—Dirrusion TRANSPORT AND ACTI- 
VATED Dirrusion: Although simple diffusion cannot 
explain observed rates of translocation (4), it has been 
suggested (4) that diffusion across cell walls and sieve 
plates supplemented by rapid mixing within cells, due 
to cyclosis, might offer an adequate mechanism. Con- 
sider the sieve tube column as composed of sieve cells 
separated from one another by the sieve plates which 
are permeable to diffusion of the translocate, and sup- 
pose that cyclosis within the sieve cells is sufficiently 
rapid so that there is practically perfect mixing within 


each. An estimate of the extent of the increase in 
transport rate afforded by cyclosis can be obtained by 
deriving Fick’s second law of diffusion (12) for these 
circumstances. 

First, simply consider diffusion across one sieve 
plate. Distance across the sieve plate is measured 
along the x axis. According to Fick’s first law of dif- 
fusion (12), the rate of transfer through a plane of 
unit area perpendicular to the x axis is approximately 

Y 
F = —D! AC, (54) 

Ax 
where D! is the diffusion constant in the sieve plate, 
AC, is the increase in concentration of translocate 
across one sieve plate, and Ax is the distance across 
one sieve plate. When there is a sieve cell adjacent to 
each sieve plate, equation 54 still expresses the rate of 
transfer across one sieve plate. However, this rate is 
also the rate of transfer across one sieve plate plus its 
adjacent sieve cell, since transfer of translocate across 
the sieve cell is assumed to be essentially instantane- 
ous. The analogue of Fick’s first law for transfer 
down the column composed of alternate sieve plates 

and sieve cells, then, is approximately 


F = —(@+1)D' (55) 


Ax 
where » is the ratio of the length of the sieve cell to 
the length of the sieve plate, and Ax is now the dis- 
tance across one sieve plate plus one sieve cell. 

Now the difference between the rate of transfer 
into and out of an element of the sieve tube column 
is proportional to the rate of change in concentration 
in the element. So 


1 w dC, 


where y is the ratio of the volume of the sieve cell 
that does not contain translocate to the volume that 
does contain translocate. (Thus, if the sieve cell con- 
tained a large inert vacuole and cyclosis only occurred 
in a thin peripheral layer of cytoplasm, insulated by 
a membrane from the vacuole, then » would be the 
ratio of vacuolar to cytoplasmic volume.) Rearrange- 
ment of 56 gives 


dC, w+1 AF 


AF = 








= — ———_ (57) 
ot ( — 1) Ax 

n+1 

From equation 55 one gets 
A = ~(e + pee Se (58) 

Ax 
which when substituted in 57 gives 

aC ae... + 1) D! °C, (59) 
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And if we may pass to the limit, we obtain as the ana- 
logue of Fick’s second law of diffusion in the sieve 
tube column, ; 


aC, _ +1) py BC, 


at ‘“ ) dx? 
(“4541 


If »=-1 and if we assume that »=100 (7), then 
the diffusion constant is effectively increased by a fac- 
tor of about 5,000; if y= 10, then the diffusion con- 
stant is effectively increased by about 9,000 times.* 

The mechanism just discussed depends on ordinary 
diffusion processes subject to Fick’s laws (12). How- 
ever, if use is made of a system that preferentially 
allows diffusion in one direction, then even further in- 
creases in the rate of transfer can be imagined. This 
might be considered as an expression of the frequently 
mentioned theory of activated diffusion (13, 14). A 
theoretical model for such a system has been given 
(15), but, with it, analyses based simply on Fick’s 
laws are probably no longer valid. 

For the model where Fick’s laws are applicable, 
one can make use of well known solutions of the dif- 
fusion equation. They will show how closely these 
models conform to actual data on the distribution of 
radioactive translocates. If a large amount of a radio- 
active translocate is applied to a region h surrounding 
the sieve tube column and it travels down the column 
by a diffusion mechanism without any of it leaving the 
column, then we want a solution of the equation 








(60) 











<= Do, (61) 
subject to the conditions 
C, = Co x = 0 t > 0 (62) 
and 
C, = 0 x > 0 t = 0 (63) 


The solution to this problem (12) is 


x 
C 2 [s/t ... 
a = 1 —_ ——_ Dt er dy 


Co Valo 
= (45) (64) 
2v Dt 


where ¢{ —~— } is the error function of which exten- 
2y Dt 


sive tables are available. The kind of distribution 
given by equation 64 is shown by the curve with the 
open circles in figure 4. It obviously does not con- 
form to the known data (1, 2, 3). 

Another possibility of interest is that, at the same 
time as the translocate is diffusing down the sieve 
tube column, it is also leaving the column at a rate 


3 An analysis of a similar type may prove of value in 
helping to understand the movement of growth sub- 
stances through parenchyma tissue. 
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Fic. 4. Distribution of radioactivity with distance 


and time for two diffusion models. Abscissa is distance 
along stem in arbitrary units from a constant source of 
radioactivity. Ordinate is the ratio of concentration of 
radioactivity in the sieve tube column to that in the 
constant source in units of logarithm to the base 10. 
The curve through the open circles is for the model with 
no loss from the sieve tube column after 9 arbitrary 
time units. The curves through the closed circles are for 
the model with loss from the sieve tube eo!umn gov- 
erned by ki=0.09 and at 9 and 100 arbitrary time units. 
The diffusion constant, D, is unity in all cases. 


proportional to its concentration in the column. The 
differential equation in this case becomes (12, p. 124) 

© «0 

ot Ox’ 
with the boundary conditions 62 and 63. Crank (12, 
p. 130) gives the solution of this problem, and the dis- 
tributions obtained at two times are shown by the 
curves through the closed circles in figure 4. With in- 
creasing time the curves approach that at t = 100 and 
then do not change. These curves, of course, only 
account for the radioactivity in the phloem tube and 
not for that which has been lost irreversibly to the 
surrounding tissue. Assuming, however, that the 
shapes of these curves give an approximate represen- 
tation of the shapes of the curves for total radio- 
activity (this assumption is certainly valid for longer 
times), then one can observe some striking similarities 
between the properties of this model and experimental 
data (1, 2,3). At short times the rate of attenuation 
of radioactivity with distance is greater than it be- 
comes later. At longer times, when C,, approaches its 
steady state value, the plots of the logarithms of total 
radioactivity versus distance are straight lines of con- 
stant slope and whose ordinate intercepts increase 
with time. This model, therefore, acts much like the 





« il, (65) 
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very first model considered in this paper, of irreversi- 
ble loss from liquid flowing in a pipe, but at short 
times probably gives curves departing considerably 
from a linear relationship between the logarithm of 
total radioactivity and distance. 

6. Surrace Fiow: A surface active substance ac- 
cumulating at an interface causes a decrease in the sur- 
face tension. If the interface is mobile and only part 
of it is covered with surface active agent, then there 
will be a surface pressure difference between the cov- 
ered and uncovered portion of the interface (equalling 
the surface tension difference between these parts) and 
surface flow will occur down the pressure gradient. 
Van den Honert (16) speculated about this phenome- 
non as a possible mechanism of translocation and per- 
formed some interesting experiments demonstrating 
transport at a liquid-liquid interface at rates that far 
exceeded diffusion rates. In order to approach a 
mathematical analysis of this mode of transport, one 
can make use of the observations of Crisp (17). He 
found that the velocity of transport is given by 

dx oll . 

=? K, ax’ (66) 
where K, is a constant depending on the properties of 
the surface active agent, the bulk phases, and the 
geometry of the system, II is the surface pressure, and 
x is distance in the direction of flow. However, the 
rate of transfer through a line of unit length on the 
surface and perpendicular to the x axis is 


dx 
* dt’ 


where C, is surface concentration of the transported 
material X. Then, from 66 we get 


F=C (67) 


F- -xc,@. (68) 
Ox 


If we suppose that the substance X behaves on the 
surface in a manner analogous to an ideal gas (as 
many surface active substances do under some cir- 
cumstances /18)), then 


ll = C,k'T, (69) 


where k! is a constant and T is the absolute tempera- 
ture. Also 





’ (70) 


and upon substituting 70 in 68 we obtain an expres- 
sion like Fick’s first law of diffusion for the case where 
the diffusion constant is proportional to concentration: 
ac, 
Ox 


An analogue of Fick’s second law (equation 61) is, 
then, 


ac, OF wr J(8C.\) oe. 
—" = — =k — oo (E 
at ox eT, {(%) we Ox? om 


F = —k'TK,C, (71) 





For the problem of transport in the phloem, this 
equation might apply under similar conditions as 
equation 61, where there is no loss from the phloem 
column to surrounding tissue. If substance X is lost to 
surrounding tissue irreversibly, however, then the fol- 
lowing modification (analogous to equation 65) might 
apply: 


1 ae MY. nn WOR 
a. (3%) + Cap — KNCe (78) 





The steady state solution of equation 65, describ- 
ing diffusion down the sieve tube column at the same 
time as translocate is being lost irreversibly to the 
surrounding tissue, gives a result according well with 
experimental observations (2, 3). It is, therefore, of 
interest to see how well the steady state modification 
of 73, the analogous equation for surface flow, con- 
forms to these data. An equation more amenable to 
analysis than 73 is obtained in appendix 2 and is 


dc, —— Jame 4 Ci 


dx 3k'TK, + Ce’ 7 


dx 
where c; is a constant determined by the boundary 
conditions. However, the experimental data generally 
show a relationship between radioactivity and dis- 
tance that can be described approximately by the 
relationship 


dC 
dx 


where C is radioactivity per unit length and a is a 
constant. This is quite different from 79, and, there- 
fore, the simple model using surface flow does not 
appear to be a useful one for explaining translocation 
data. 


= — al, (80) 


DISCUSSION 


The characteristics of three main categories of 
mechanisms have been considered in this paper. They 
are 1), translocation by a continuous “en masse” flow 
through the length of the phloem column as is dis- 
cussed in models 1, 2, 3, and 4; 2), ecyclosis-diffusion 
transport discussed in model 5; and 3), surface flow 
as discussed in model 6. Under the assumption that 
translocate is absorbed irreversibly from the phloem 
column at a rate proportional to its concentration 
therein, one can nicely reproduce many important fea- 
tures of the experimental data by the use of flow type 
models and the cyclosis-diffusion model. The surface 
flow model is not so successful in this respect. 

The valid use of a mathematical model is to help 
organize and interpret experimental data and to per- 
haps help direct the course of further investigation. 
Good quantitative data on translocation is relatively 
scarce and the models presented here are, therefore, 
not subject to comparison with a sufficiently broad 
range of experimental data to allow them to be ac- 
cepted or rejected. Although the characteristics of 
much of the experimental data with radioisotopes can 
be reproduced by some of the models, there can arise 
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serious doubts about the “actuality” of the models 
studied. The mathematical analysis of models fre- 
quently involves gross simplification of the biological 
facts, and the types of models considered may be dic- 
tated largely by their simplicity and the mathematical 
skill of the author. In the present paper there are 
numerous simplifications and approximations, and a 
number of plausible models have not even been con- 
sidered. For instance, the analysis of bidirectional 
flow within a single phloem strand was abandoned be- 
cause of mathematical difficulties, and the cyclosis-dif- 
fusion model with a time variable source has not been 
presented. 

It is possible to distinguish at least two markedly 
different possible mechanisms actuating “en masse” 
flow through the length of the phloem column (4). 
These are a) flow, such as that in osmotic pressure 
flow, and b) flow, like the flow in cytoplasmic stream- 
ing, that is actuated by the living protoplasm. Some 
possible modes of experimentally distinguishing the 
two may lie in these differences: 


1) Pressure flow demands that there be a hydro- 
static pressure gradient down the phloem column, 
while streaming flow does not require such a gradient. 

2) In general, one would expect a flow velocity 
gradient along the phloem column in an osmotic pres- 
sure flow system, while streaming flow does not require 
this. 

3) Osmotic pressure flow demands that there be a 
circulation of water in the xylem complementary to 
that in the phloem, while circulation by cytoplasmic 
streaming could occur completely in one phloem 
strand or from strand to strand. Clements (14) has 
criticized the osmotic pressure flow theory because of 
his failure to observe sufficient water movement in the 
xylem, though Crafts (9) believes these arguments 
have been adequately answered. 

4) Streaming flow is dependent on a metabolic 
energy source, and, therefore, one might expect it to 
be more susceptible than pressure flow to interference 
with metabolism. However, pressure flow is depend- 
ent on the maintenance of a semi-permeable mem- 
brane, and this may also be dependent on normal 
metabolie activity. (In addition, it is possible that 
the pressure developed in a plant cell may be, at least 
in part, due to an active metabolic process (19, 20).) 

5) Osmotic pressure flow precludes two way flow 
within a single phloem strand and perhaps also even 
within the stem taken as a whole. There is no such 
limitation with streaming flow. 

6) Streaming flow demands that streaming occur 
in the phloem and apparently this has never been un- 
equivocally observed (9, 21). 

7) Streaming is known to be a phenomenon sensi- 
tive to even slight disturbances such as mechanical 
shocks, while pressure flow should be more resistant. 


SUMMARY 


A number of models to explain the short term 
translocation patterns of isotopically labeled materials 
are analyzed mathematically : 


1. “En masse” flow of translocate solution throug 
a pipe with irreversible loss of translocate to the sur- 
rounding tissue. 
2. Like model 1, except translocate is lost reversibly . 
3. Like model 1, but the approach to the steady 


state in the region of isotope application is considere«. 


4. Osmotic pressure flow model. 
5. Cyclosis-diffusion model. 
6. Surface flow model. 


Models 1 and 3 predict distributions of isotope 
that conform well with certain experimental results. 
Models 2 and 6 do not seem so successful in this re- 
spect. Model 4 is the most difficult to analyze, but 
the results indicate that, in general, one should expect 
both a velocity gradient and a hydrostatic pressure 
gradient along the translocation column. Analysis of 
model 5 indicates how much one may expect cyclosis 
to speed up the transport of solutes, and the predicted 
distributions of isotope from this model are close to 
certain experimental results; a possible contribution 
of an “activated diffusion” to this model is also men- 
tioned. 

APPENDIX 1, Derivation of an Expression for the 
Pressure Gradient for the Pressure Flow Theory: A 
number of writers (7, 9) on the pressure flow theory 
have made quantitative or qualitative use of the 
Hagen-Poiseuille equation to express the pressure 
gradient in the translocation pipe: 


dP 8muv 


dx Ap 


where » is the viscosity of the flowing hquid. This 
equation is strictly applicable only in the case of Jami- 
nar, non-accelerated flow in a circular tube of uniform 
cross section. Some justification, therefore, ought to 
be offered for its application to the sieve tube column 
where there is frequent interference to flow by the 
sieve plates and where, according to equation 44, 
there is acceleration of the flow due to entrance or exit 
of water through the pipe walls. In what follows the 
particular form of equation 46 is discarded, but it is 
concluded, nevertheless, that the pressure gradient 
can be reasonably accurately represented by an equa- 
tion of the form 


(46) 


dP _ 
dx 


where ¢ is a constant. 

In order to obtain an estimate of the magnitude of 
the Reynold’s number for flow of a 10 % sucrose solu- 
tion through the sieve tube column, use was made of 
sieve tube dimensions given by Crafts (7) for Cucur- 
bita and translocation velocities given by Biddulph 
and Cory (3). Using 1.04 grams/em* for density, 
0.014 em/see (50 em/hr) for velocity, 0.0050 em for 
diameter, and 0.015 poise for viscosity gives a value 
of 4.8 x 10-8 for the Reynold’s number in flow through 
the sieve tube lumen, and using 0.35 cm/sec for veloc- 
ity and 0.00015 cm for diameter gives a Reynold’s 
number of 3.6 x 10-° for flow through the sieve plate 


— eV, (45) 
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pores, assuming they are open and available for flow. 
These values are very far below the lower critical 
Reynold’s number (8) and, therefore, flow in the sieve 
tube column is certainly laminar. 

As a matter of fact these Reynold’s numbers are 
so small that effects of viscosity should far outweigh 
aceelerative effects. Experimental data given by 
Rouse (8, figures 85 and 129) indicate that at such 
low Reynold’s numbers, the Euler number, determin- 
ing the characteristics of flow under specific boundary 
conditions, is proportional to the square root of the 
Reynold’s number. From the definition of the Euler 
and Reynold’s numbers, therefore, one can deduce 
that even when the sieve tube pipe undergoes marked 
changes in form, as at the sieve plate, the dissipation 
of pressure is still proportional to the first power of 
the average flow velocity. 

The contribution of the inertial effects, due to en- 
trance or exit of water through the pipe walls, to the 
pressure gradient can, as a first approximation, be 
estimated by deriving a modified Bernoulli equation. 
First note, referring to figure 3, that gravitational 
foree need not be a consideration since the flow is 
essentially no more than an eddy within a liquid, of 
uniform density, which is stationary as a whole. The 
distance, x, along the pipe S is positive downwards. 
The force acting on the element dx due to the pres- 
sure gradient is -A,dP. From the considerations of 
the preceding paragraph, the viscous resistance is 
- Ayevdx, where ¢ is a constant proportional to vis- 
cosity and v is the average rate of flow. 

The momentum changes occurring in the element 
dx are due to acceleration from v to v + dv of liquid 
entermg dx from the adjoining element above it, and 
also to acceleration from zero to v + dv of liquid enter- 
ing dx by diffusion through the pipe walls. Since, for 
constant eross sectional area, the increase in velocity, 
dv, can be attributed entirely to influx of water 
through the walls, that fraction of the total liquid 
leaving dx which entered dx from the adjoining seg- 
ment is v/(v+dv). Therefore, the mass of water 
leaving dx in time dt which had to be accelerated 
from v to v + dv is 


Vv ia 

ye pA,(v + dv) dt = vpA, dt, (47) 

and the force necessary for the required acceleration is 
d y 

vpA, dt a = pA,v dv, (48) 


Where p is the density of the liquid. 
The other part of the liquid leaving dx has a mass 


dv 
v+dv pAp 


and the rate at which mass is added to the flowing 
liquid is, therefore, 


(v + dv) dt = dvpA, dt (49) 


™ = pA, dv. (50) 


The force necessary to cause the corresponding rate 
of change of momentum is 


dm 
dt 

The relation between the four forces considered is 
the modified Bernoulli equation: 


—A,dP — A,ev dx = 2pA,v dv (52) 


v & = pA, dv. (51) 


or 


dP 
elliot ~ 


- dv. (53) 
dx 
However, if one approximates the viscous resistance 
term on the right hand side by using the Hagen- 
Poiseuille equation and compares it to values of the 
second term calculated from known rates of translo- 
cation (3), then it is seen that only the viscous resist- 
ance term is important. Therefore, equation 45 should 
be a reasonable representation of the pressure gradient. 
APPENDIX 2, A Simplification of the Steady State 
Modification of Equation 73: Equation 73, in the 
steady state, becomes 
k'TK,C, . Cs + k'TK, (s ‘ —k"C,=0 (74 
dx? dx 


: 3 Oe : 
If we let = =, then ae = = = . and equation 


dc, 
74 can be put in the form 


3 


k'TK,C dn TK 9? k"C,, = (75) 


wef” od 7 

or 

k'TK.C, ely 4 kIT Ky? = 2k"C,. (76) 
Multiply through by C,dC,/k'!TK, and get 

19 9 oO” 2 a 2k" 2 ‘ edad 
C2d(n?) + 2C.n? dC, = TK, © dC, (77) 

or 
mC.) = 2K cz ac 78 
a(n s) _ k'TK, s Gs. (4 ) 
Integration of 78 then gives as the acceptable result 
dc, i. 4 oe 
ic. nad t aoe 9 
dk NV3K:TK, + C2 (“9) 


where ¢, is the integration constant. 


SyMBots UseEp 


h: The distance along which the source region h, con- 
taining the reservoir of applied radioactive ma- 
terial, extends adjacent to the phleem tube. 

C,: The concentration of radioactive tracer in region h. 

X: The name of the radioactive material. 
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The first order constant characterizing the rate of 
transfer of X from the region h into the phloem 
tube. 


: The velocity of flow of fluid in the phloem tube. 
: The concentration of X in the phloem tube at 


the outflowing edge of region h (at x=0). 


: The cross sectional area of the phloem tube. 
: Distance along the pipe measured from the out- 


flowing edge of region h and going in the positive 
direction away from region h. 


: Time. 
: Concentration of X in phloem tube at any dis- 


tance x. 


: Concentration of X in the tissue surrounding the 


phloem tube at any distance x. 


: The first order constant characterizing the rate 


of loss of X from the phloem tube to the sur- 
rounding tissue. 


: The cross sectional area of the tissue surrounding 


the phloem tube. 


> k/A,. 


“At- 


: Base of natural logarithm. 


Rate of photochemical fixation of CO, in the 
region h. 
Isotopic ratio of CMO.. 


: Average cross sectional area of the region h. 
° K/A),. 
: Rate of loss of X from region h into the phloem 


tube. 


3 v/hA,y. 
: A,/hA,. 


Ki 
. is the time constant describing 


the approach to the steady state concentration 
of X in the region h. 


: A zero order rate constant for loss of X from the 


phloem pipe. 


: Proportionality constant between rate of osmotic 


ow of water and concentration difference across 

the semi-permeable membrane. 

Proportionality constant between rate of flow of 

water through the semi-permeable membrane 

and hydrostatic pressure difference across the 
membrane. 

: Hydrostatic pressure in the xylem or phloem. 

: Hydrostatic pressure in pipe S (analogous to the 
phloem) in the osmotic pressure flow model. 

: Hydrostatic pressure in pipe Z (analogous to the 
xylem) in the osmotic pressure flow model. 

: A constant, proportional to viscosity, that de- 
scribes the relationship between the hydrostatic 
pressure gradient and velocity of flow. 

: Proportionality constant between circumference 
and diameter of a circle. 

: Viscosity. 

: Density of liquid flowing in the xylem or phloem. 

Mass. 

Ordinary diffusion constant. 


*: Diffusion or surface flow flux. 
Ratio of sieve cell length to sieve plate length. 


Dr. 


: Ratio of vacuolar volume to cytoplasmic voluiie 


in the sieve cell. 


: Diffusion constant in the cyclosis-diffusion mod». 


Proportionality constant between surface flow 
velocity and surface pressure gradient. 


: Surface pressure. 
: Surface concentration at any distance x. 


Proportionality constant relating surface pres- 
sure, concentration, and temperature. 


: Absolute temperature. 
: The first order constant characterizing the rate 


of loss of X from the phloem tube to the sur- 
rounding tissue in the surface flow model. 
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EFFECTS OF INDOLEACETIC ACID ON THE UTILIZATION OF 
ACETATE-1-C' BY PEA STEM SLICES! 


JAMES F. NANCE 
DEPARTMENT OF Botany, UNIVERSITY OF ILLINOIS, URBANA, ILLINOIS 


Studies on the utilization and evolution of ace- 
taldehyde by plant tissues suggest that indoleacetic 
acid (IAA) may influence the partition of pyruvate 
and related products of glycolysis into various meta- 
bolic pathways (5, 6). Boroughs and Bonner (1) 
tested this possibility in their study of the effects of 
IAA on the metabolism of acetate-1-C!4 by Avena 
coleoptiles. Except for a very appreciable stimula- 
tion of incorporation of activity into the non-cellu- 
losie polysaccharides by IAA, they found no notable 
response to the auxin. It was demonstrated later that 
in wheat roots IAA significantly affects incorporation 
of activity from C!4-labeled pyruvate and acetate 
into organic acids, sugars, polyuronide hemicelluloses, 
pectic substances, lipides and cellulose (7, 8). Studies 
by Perlis (9), however, on the utilization of acetate-1- 
C!4 by pea stem slices revealed experimental effects 
of doubtful significance. 

Recent work in this laboratory indicates that ef- 
fects of IAA on the metabolism of acetate by pea 
stem tissue can be demonstrated conclusively in ex- 
periments involving pre-treatment of the slices with 
IAA followed by brief exposure to the labeled sub- 
strate (4). Experiments of this sort are described 
below. 


MATERIALS AND METHODS 


Pea seedlings (var. Alaska) were grown in the 
dark at 20°C on sphagnum saturated with 0.025 M 
CaCl, and were used for the experiments 8 days after 
the seeds were planted. Preliminary experiments had 
shown that stem sections from peas grown in this 
manner exhibit a more impressive growth response to 
IAA than those from seedlings given a more complex 
nutrient solution. Transverse slices, 2 mm in length, 
were cut from a section of the stem extending from 
about 2 to 12 mm below the epicotyl arch. The slices 
were washed, then centrifuged in a perforated con- 
tainer at a low speed to remove adhering water. 

Acetate-1-C14 having a specific activity of 6.7 
millicurie/millimole was the source of carbon 14. This 
material was available as the potassium salt and was 
used in this form for most of the experiments. For 


1 Received August 6, 1957. 


use in two experiments the salt was converted to the 
calcium salt by passing a solution of it through a col- 
umn containing the calcium form of Duolite C-3. 
Most of the experiments of this study involve a pre- 
treatment period during which the stem tissues were 
incubated in various non-radioactive solutions. For 
pre-treatment the solutions and tissues were placed 
in Erlenmeyer flasks of one liter capacity and these 
were placed on a shaker to effect aeration of the so- 
lution. During the period of exposure to radioactive 
acetate the slices and solutions were in closed con- 
tainers (Pyrex gas washing bottles, no. 31760). <A 
short piece of capillary tubing replaced the fritted 
glass aerator usually found in this assembly. The 
outlet tube was attached to the inlet tube of a second 
gas washing bottle. This bottle, containing 0.1N 
NaOH to trap COs, was equipped with a fritted glass 
aerator. Carbon dioxide-free air was supplied for the 
aeration of the slices. Fresh weights of tissues used 
in the experiments ranged from 3.25 to 7.0 g. 

After exposure to radioactive acetate the washed 
slices were extracted with boiling, 95 % ethanol and 
then with an equal volume of boiling, 70 % ethanol. 
Three extractions with each solvent mixture were 
made and a total volume of 250 ml of extractant was 
used for each sample. This is the Ist step of a frac- 
tionation procedure which is outlined in figures 1 and 
» 

Fractionation of the ethanol extract (fig 1) in- 
volved removal of the ethanol, after the solution was 
adjusted to pH 9.0 with NaOH, by vacuum distilla- 
tion, acidification and extraction of the aqueous resi- 
due with ether for 72 hours by a method essentially 
that described by Isaacs and Broyer (2) and separa- 
tion of the lipides from the organic acids in the ether 
extract by addition of water and titration of the 
acids with NaOH to pH 8.5. The ethereal solutions 
were dried down on a warm water bath and the resi- 
due taken up in chloroform. Activity in the chloro- 
form solution was determined by the technique of di- 
rect plating, as were all other determinations of ac- 
tivity reported here. Details of the counting proce- 
dure are given below. The aqueous solution from the 
ether extract was brought to dryness on a hot water 
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Fic. 1. Procedure for fractionation of pea stem slices. 
Separation of materials in the ethanolic extract. 


bath. This residue was redissolved in water and ali- 
quots assayed for activity. 

The ethanol-extracted slices were placed in a 
Servall tissue homogenizer, covered with cold water 
and homogenized at 14,000 rpm for 5 minutes (fig 2). 
During the period of homogenization, the stainless 
steel vessel containing the tissue was immersed in an 
ice bath. Particulate and fibrous material of the ho- 
mogenate was separated from a very cloudy, colloidal 
preparation by means of glass wool. Solids retained 
on the glass wool were resuspended in water and the 
mixture filtered once more through glass wool. These 
two aqueous preparations were combined, labeled 
“ water extract,” and assayed for radioactivity. This 
extract includes materials hydrolyzed by Takadiastase 
and by a hemicellulase of fungal origin. There is no 
solubilization of activity when the mixture is incu- 
bated with Pectinol R-10, a commercial pectinase 
preparation, suggesting the absence of pectic sub- 
stances. 

Isolation of the pectic substances of the cell wall 
materials was effected by repeated extraction of the 
solids held by the glass wool with 0.05 N HCl, fol- 
lowed by the precipitation of the pectic substances 
from the acid extract with ethanol, a procedure 
recommended by Kertesz (3). Each sample was ex- 
tracted four times with 15 ml of 0.05 N HCl held at 
80° C for 30 minutes. After each extraction the mix- 
ture was filtered through glass wool. To the pooled 
extracts enough 10% HCl was added to make the 
concentration of the acid equal to 0.05 %. Precipita- 


tion of the pectic substances was accomplished by the 
slow addition of two volumes of 95 % ethanol. Sepa- 


ration of the pectic substances from the alcohol w (s 
made by centrifugation. The centrifugate was re- 
suspended in an ethanol : water mixture (2: 1, v: v) 
and recentrifuged three times to remove free aci‘. 
Finally, the washed pellet was suspended in water 
and aliquots of this preparation were assayed for ac- 
tivity. 

Solids remaining after the extraction of the pectic 
substances were washed with water, dried and coy- 
ered with 5 ml of 4% NaOH and allowed to stand for 
48 hours in a sealed desiccator, otherwise empty. The 
alkaline solution containing polyuronide hemicellu- 
loses was filtered off the solid material with suction, 
and the residue resuspended in water and refiltered 
three times. Glass wool served as a filter. The com- 
bined extracts were neutralized with weak HCl then 
made barely alkaline with NaOH. Activity was de- 
termined on aliquots of these solutions. 

Radioactivity in the samples was determined by a 
solid-counting technique. Because of the high spe- 
cific activity of the acetate used it was possible to 
count each sample at infinite thinness. The planchets 
were counted in a windowless flow counter. 

Activities of the various groups of compounds in 
the auxin-treatments except for the alcohol extracts 
have been calculated on the basis of an absorption of 
carbon-14 equal to that of the respective non-auxin- 
treated controls. In his work with pea stem slices, 
Perlis (9) found that the alcohol extracts reflect 
relative rates of C14-absorption in a given pair of ex- 
perimental treatments with an accuracy of about 5 %. 
For this reason and because determination of the C14- 
absorption by difference is not feasiblé for experi- 
ments of 30 minutes and less where only 10 to 15% 
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o! the supplied isotope is taken up by the tissues, the 
alcohol extracts have been used as measures of rela- 
tive C!4-absorption. One exception to this general 
rule is to be found in the data of table IV. Because 
two treatments of this experiment (7 and 8) were 
supplied with a much higher level of acetate-1-C14 
than the others, results of these two treatments are 
calculated on the basis of the alcohol extract of a 
control given the lower level of IAA (treatment 5). 


RESULTS 


Effects of IAA on the utilization of acetate-1-C4 
by pea stem slices in four hours are shown in table I. 
In view of the inhibitory effects of calcium on growth 
and the probability that these effects involve the pec- 
tic substances it appeared that inclusion of a calcium 
salt in the test solutions might accentuate effects of 
auxin on this class of compounds. All treatments of 
this experiment include CaCl, at 0.005 M. Acetate- 
1-Cl4 was supplied as the calcium salt. Addition of 
IAA, adjusted to pH 4.7 with Ca(OH)o, to the basal 
solution enhances growth and the incorporation of 
carbon-14 into the organic acids and CO, appreciably, 
inhibits incorporation into the lipides, and has in- 
significant effects on syntheses of other groups of com- 
pounds assayed. 

Addition of KCl to the CaCl,-Ca-acetate mixture 
produces small increases in growth and incorporation 
of acetate into organic acids. When IAA is added 
along with the KCl the growth increment is very ap- 
preciably enhanced but the only effects of possible 
significance are increases in the activities of the re- 
spiratory CO, and the lipides. For the last experi- 
mental treatment the IAA concentration was raised 
to 2.5 x 10-* M, with the other salts as in the previous 
treatment. This level of IAA, obviously quite high, 
more than doubles the growth rate of the slices, 
though the growth promotion is less than that elicited 
by the lower level of auxin. Absorption of carbon-14, 
as revealed by the activity of the alcohol extract, i 
somewhat greater than that for the lower level of 
IAA. The most impressive effect of the higher level 
of auxin is that it inhibits incorporation of carbon-14 
into the pectic substances. An inhibitory effect on 


the formation of CO, of about 28% may be of 
significance. 

These results are, in their rather unimpressive 
nature, quite similar to those obtained by Perlis (9). 
Search for a more revealing technique led to the ex- 
periment summarized in table II. This and subse- 
quent experiments involve incubation of the slices in 
a variety of non-radioactive solutions prior to the 
exposure of the slices to acetate-1-C14. In this ex- 
periment the slices were pre-treated for 225 minutes 
in acetate only, in acetate plus IAA at 2.5x10°M 
and in acetate plus IAA at 2.5x 104M. These three 
samples and three not given the pre-treatment were 
then incubated for 30 minutes in acetate-1-C! with 
each batch of slices exposed to the level of IAA it re- 
ceived in the pre-treatment. 

Both levels of IAA promote growth (table IT), 
the higher level having the greater effect in this ex- 
periment. Growth for the 30 minutes when they were 
in the radioactive solutions is reported for the slices 
not given the pre-treatment. For the other samples, 
growth occurring in the pre-treatment period is re- 
ported. 

There is an impressive response to IAA in the pre- 
treated tissues so far as utilization of acetate-1-C14 
is concerned. Incorporation of activity into the or- 
ganic acids is more than doubled at the higher level 
of IAA, and it is increased by about 50% at the 
lower concentration. Incorporation of activity into 
the pectic substances and to a lesser degree into the 
water extractable materials is affected by both con- 
centrations. Inhibited conversions of acetate to hemi- 
celluloses, lipides, and CO. are produced by the higher 
level of auxin. The lower level, however, enhances 
these conversions. 

Effects of IAA on the untreated pea stem slices 
in 30 minutes are not as dramatic as those in the pre- 
treated tissues, though some appear to be of signifi- 
cance Incorporations into pectic substances, water 
extractable materials, organic acids, and CO, are en- 
hanced appreciably by both levels of auxin Other 
effects seem to be of doubtful significance 

In another experiment the effects of pre-treatment 
time were considered (table III) For this experiment 


TABLE I 


INCORPORATION OF C™ rroM CaLciuM AcetaTE-1-C™ py Pea Stem Siices IN 4 HR. ToraL Activities. x 10‘ Cem * 

















‘ KCl IAA FRESH WT pomerem PEctIc WATER ORGANIC 

No. MM/1 um/] Yo GAIN EXTRACT SUBST. LiPIDES EXTRACT ACIDS CO: 
1 0 0 9 5,200 324 160 150 376 854 
2 0 25 23 4,790 323 122 151 563 1,100 
3 10 0 11 5,290 325 159 148 442 906 
4 10 25 33 5,700 359 187 157 479 1,100 
5 10 250 29 5,124 206 173 180 437 794 





Each treatment included 7 g of pea stem slices which were inc whens for 4 ™ at 25° C in 100 ml of a basal solu- 
tion containing (CHsC™00)2Ca, 6x 10° .M; CaClh, 5x 10 M; and having 0.54 ue of activity per ml. Each solution 
was adjusted to pH 4.7 with Ca(OH). (No. 3), or KOH (Nos. 4 and 5) or HCI (Nos. 1 and 2). 

* Values for the pectic substances, lipides, water extract, organic acids and COs for each IAA-treated sample 


have been calculated on the basis C’-absorption equal to that of the appropriate control. 


Activities of the alcohol 


extracts serve as measures of the relative amounts of C™ absorbed. 
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TABLE II 


Utiization or Acetate-1-C™ py Pea Stem Suices IN 30 MIN. EFFECTS OF PRE-TREATMENT WITH 
UNLABELED ACETATE AND IAA. Torat Activities. x 10* Cem * 














No PRE- IAA FresH wr ALCOHOL Pectic HeEmI- WATER 





LipIpEs Conmate CO: 
TREATMENT um/] Yo GAIN EXTRACT SUBST. CELLULOSE EXTRACT , ACIDS 

1 None 0 3 5,170 280 220 154 1,130 1,100 1,090 
2 None 25 4 4,780 320 239 279 898 1,180 1,570 
3 None 250 5 5,790 364 220 225 1,097 1,460 1.260 
4 KAc 0 7 6,300 320 190 346 809 1,120 871 
5 KAc, IAA 25 25 6,960 248 232 272 1,010 3,290 945 
6 KAc, TAA 250 27 7,660 120 129 244 648 4690 707 











For the pre-treatment 4.5 g samples of pea stem slices were incubated in 200 ml of solution containing 
CH;COOK, 4x 10M and IAA as indicated above for 3.5 hr at 24° C. 

For the carbon 14-treatment the slices were incubated for 30 min in 50 ml of a solution containing 1x 10“ M 
CH:C“OOK, IAA as indicated above, and 0.9 ue of activity per ml. All solutions were adjusted to pH 4.7 with 
KOH or HeSQ,. 

* Values for pectic substances, hemicelluloses, water extract, lipides, organic acids and CO: for the IAA-treated 
tissues have been calculated on the basis of C“-absorption equal to that of the appropriate control. Values for the 
alcohol extracts serve as measures of the relative C*-absorption. 


only one level of IAA was employed, 25x 10-4 M, and _ hanced by the auxin. Each of these effects is clearly 
this promoted growth in each of the pre-treatment discernible in the tissues that have received only 15 
periods Exposure of the slices to acetate-1-C!* was minutes of pre-treatment. As in the previous experi- 
limited to 15 minutes. ment, certain effects seen in the tissues not given the 


Most impressive is the inhibition of incorporation 
into the pectic substances. This effect becomes pro- 
gressively greater as the pre-treatment periods are 
extended and eventually activity in the control tis- 
sues exceeds that of the IAA-treated by more than 6 
fold As with other entities considered here incorpora- 
tion of activity into the pectic substances of the con- 
trol tissues shows a similar trend suggesting that the 
endogenous auxin of the slices affects their activities 
in a manner like that of the exogenously supplied IAA. 
Incorporation of activity into hemicelluloses, water 
extractable materials, and lipides is inhibited to a very 
appreciable degree by pre-treatment with TAA. Ac- 
tivities in the organic acids and in the COs, except 
for the longest pre-treatment period, are much en- 


pre-treatment are reversed in the pre-treated tis- 
sues. This is true for pectic substances and organic 
acids but not for the hemicelluloses, lipides and COs. 

In another experiment effects of pre-treatments 
with calcium acetate, CaCl, and KCl are compared 
(table IV). Indoleacetic acid is present at a concen- 
tration of 5x 10-* M in this experiment, and even at 
this high level promotes growth. It is seen, however, 
that this level of auxin inhibits absorption of radio- 
active acetate as indicated by the values for the al- 
cohol extracts. These inhibitions range from 23 % 
for the KCl pre-treatment to 32 and 35% for the 
calcium acetate and CaCl, treatments respectively. 
Auxin-inhibition of incorporation of activity into the 
aleohol extract, hemicelluloses, and water-extractable 





TABLE III 


UTILIZATION OF ACETATE-1-C™“ By PEA Stem SLices IN 15 MIN. Errect oF PRE-TREATMENT 
Time. Torar Activities. x 10° Cem * 











PRE-TREATMENT JAA FrESH wt ALCOHOL PEctTic HeEmI- WATER 








vs OrGANIC 

No. MIN um/1 Yo GAIN EXTRACT SUBST. CELLULOSE EXTRACT Lies ACIDS CO: 
1 0 0 os 2,430 149 180 378 142 256 286 
2 0 250 oF 2,690 164 169 294 156 221 445 
3 15 0 9 2,400 131 190 429 204 435 235 
4 15 250 12 3,070 95 129 320 136 679 295 
5 105 0 10 4270 88 218 442 169 1,250 120 
6 105 250 23 4,730 37 128 234 99 2,120 149 
7 225 0 10 4670 64 177 410 79 965 74 
8 225 250 25 5,250 7 92 78 29 1,540 66 





For the pre-treatment 3.25 g of pea stem slices were incubated in 200 ml of a solution of CHsCOOK, 4x 10% M 
and pH 4.7, for the periods indicated. 

For the C™-treatment the samples were transferred to 50 ml of a solution containing 1 x 10* M CH;C“OOK, ad- 
justed to pH 4.7 with HeSO, and having 0 ue of activity per ml. 

Concentrations of IAA indicated apply to both treatments. 

* Values for the pectic substances, hemicelluloses, water extract, lipides, organic acids and CO, for the IAA- 
treated tissues have been calculated on the basis of a C“-absorption equal to that for the appropriate control tis- 
sues. Activities of the alcohol extracts serve as measures of the relative C™-absorption. 
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TABLE IV 


UtiLizaATION OF AcETATE-1-C™ By PEA STEM SLICES IN 15 MIN. 
PRE-TREATMENT SoOLuTIONS. ToraL Activities. x 10* Cpm* 





EFFects oF Various 





PRE- 











. IAA FRESH WT. ALCOHOL  PEcTIC HemI- WATER ORGANIC 

No. TREATMENT um /] % GAIN EXTRACT SUBST. CELLULOSE EXTRACT Lipps ACIDS COs 
l None 0 1,360 68 79 426 313 157 984 
2 None 500 ‘an 1,360 81 101 265 338 176 646 
3 Ca(Ac)e 0 6 1,470 13 15 88 52 309 169 
4 Ca(Ac)2 500 24 1,000 9 2 24 38 389 584 
5 CaCl 0 7 1,980 62 51 230 343 271 205 
6 CaCl. 500 20 1,290 7 9 46 105 581 688 
7 KCl 0 11 5,070 41 49 207 173 303 30 
8 KCl 500 27 3,900 6 68 61 118 371 40 








For pre-treatment 3.75 g of pea stem slices were incubated 225 min at 24° C in 200 ml of (CHsCOO).Ca, CaCl 
or KCl with IAA as indicated above. Each salt was used at 5x 10*M and each solution was adjusted to pH 4.7 
with Ca(OH)se (1 through 6), KOH (7 and 8), and HCl as needed. 

For carbon 14-treatments 1 through 6 the slices were incubated 15 min in 50 ml of a solution containing 
(CHsC“OO).Ca, 6 x 10°° M, with IAA as indicated above and the pH adjusted to 4.7 as for the pre-treatment solu- 
tions, and having 0.54 uc/ml of activity. Solutions for C“-treatments 7 and 8 differed in that CHsC“OOK was used 


at 1x 10 M, 0.9 uc/ml. 


* Values for pectic substances, water extract, hemicelluloses, lipides, organic acids and COs of the IAA-treated 
tissues and No. 7 have been calculated on the basis of C*-absorption equal to that of the appropriate control. Treat- 
ments 1 and 2 are controls for 2 and 4 respectively, 5 is the control for 6, 7 and 8. Activities of the alcohol extracts 


serve as measures of the relative C’-absorption. 


materials is significantly greater in the tissues pre- 
treated with calcium acetate than it is in those given 
CaCl. It may be of greater importance, however, 
that the acetate ion itself profoundly inhibits syn- 
theses of pectic substances, hemicelluloses, water-ex- 
tractable materials and lipides. Enhancement of or- 
ganic acid synthesis by IAA is greater in the CaCl. 
treatment, and the effect on the activity in the COs is 
about equal in the two calcium pre-treatments. Per- 
haps the most interesting difference between the cal- 
cium pre-treatments and that with KCl relates to 
activity in the respiratory CO.. There is much less 
activity in the CO, produced by the KCl-treated tis- 
sues, and the enhancement of CO, formation from the 
acetate by auxin is far less for these tissues. 
Auxin-effects on the slices used without pre-treat- 
ment differ from those of the previous experiment 
(table III) so far as two entities are concerned, or- 


ganic acids and respiratory CO,. In the experiment 
of table III, where the added cation is potassium, IAA 
inhibits incorporation into organic acids and enhances 
it for COs. In the experiment of table IV where 
calcium is the added cation the reverse occurs. 
Effects of pre-treatment in KCl or CaCl, alone 
followed by exposure to radioactive acetate with and 
without IAA were determined in an experiment sum- 
marized in table V. No dramatic effects are to be 
seen in this experiment though some of the differences 
in activity appear to be significant. Absorption of 
acetate-1-C14 is appreciably increased by IAA in the 
tissues pre-treated with KCl, but this is not true for 
the CaCl.-treated slices. Contrary to the effect one 
obtains when untreated slices are used, there is here 
a small inhibition of incorporation into the pectic 
substances by IAA. Inhibitory effects on lipide syn- 
thesis are of a similar order of magnitude. Incorpo- 


TABLE V 


UTmuizaTIon or AcETATE-1-C™ By PEA STEM SLICES IN 15 MIN. 
wiTH KCl or CaCl. onty. Tora Activities. x 10° Cem * 


Errects oF TAA AFTER PRE-TREATMENT 














PEcTIC 











. PRE- IAA ALCOHOL WATER 2 ORGANIC 
No TREATMENT um/] EXTRACT SUBST. EXTRACT LiPIDES ACIDS CO: 

1 0 4,580 52 302 788 2.610 289 
KCl 

2 250 6,330 48 239 671 3,380 256 

3 0 6,480 92 387 860 4,130 253 
CaC 1, 

4 250 6,750 78 369 780 3,690 219 





For pre-treatment 4 g of pea slices were incubated at 26° C for 225 min in 100 ml of KCl or CaCh at 5x 10 M. 

For the C™-treatment the tissues were incubated for 15 min at 26°C in 50 ml of a solution containing 
CH;:C“OOK at 1x 10 M, having 0.9 wc/ml of activity and adjusted to pH 4.7 with HCl. 

* Values for pectic substances, water extract, lipides, organic acids and CO: of the [AA-treated tissues have been 
calculated on the basis of C“-absorption equal to that of the appropriate control. Activities of the alcohol extracts 


serve as measures of the relative C’-absorption. 








98 PLANT PHYSIOLOGY 


ration of C14 into the organic acids is enhanced by 
IAA in the KCl treatment (30%) and inhibited in 
the CaCl, treatment (11 %). 


DISCUSSION 


It is apparent from the pre-treatment studies 
that the utilization of acetate by pea stem slices is 
profoundly influenced by IAA. Two aspects of these 
experiments suggest reasons for the failure of studies 
involving simultaneous exposure to acetate-1-C! and 
IAA to reveal similar differences. 

The first of these relates to the fact that in a num- 
ber of the groups of compounds analyzed the re- 
sponses to auxin in the Ist period of 15 minutes are 
the opposite of those observed in the 2nd _ period. 
This is true, for example, for experiment III with 
respect to incorporation in pectic substances, lipides, 
and organic acids. Incorporation for each is pro- 
moted in the Ist period and inhibited for each in the 
2nd period after 15 minutes of pre-treatment with 
cold acetate and IAA. With simultaneous exposure to 
IAA and radioactive acetate one obtains an average of 
these opposing effects resulting in the appearance of 
no effect or the occurrence of a smaller one. 

Secondly, it is well known that prolonged ex- 
posure to labeled metabolites commonly leads to a 
random distribution of the label. This effect is clearly 
indicated in tables II and III, in which results of ex- 
posures to acetate-1-C1* of 30 and 15 minutes are re- 
ported. Appreciably smaller experimental effects are 
produced by the longer incubation in the labeled ma- 
terial. An even more random distribution appears to 
be characteristic of the experiment in which the tis- 
sues were in the radioactive solution for four hours 
(table I). As the label becomes more randomly dis- 
tributed, syntheses of cellular constituents by proces- 
ses not affected by auxin mask those that are. 

It may be stated as a general summary of this 
study that IAA inhibits the incorporation of radio- 
activity from acetate-1-C! into pectic substances, 
hemicelluloses and lipides, but enhances incorporation 
into organic acids and CO,. Competition between 
synthetic pathways utilizing the acetate appears to 
be concerned. Exogenously supplied IAA augments 
the rate at which acetate is drawn into pathways of 
acid metabolism and probably in this manner reduces 
the availability of the labeled substrate for syntheses 
of lipides and polysaccharides. 


SUMMARY 


Two experimental techniques have been used in a 
study of the effects of IAA on the utilization of ace- 
tate-1-C!4 by pea stem slices. The first and less re- 
vealing technique involves the simultaneous presen- 


tation of IAA and acetate-1-C!4 to the tissues. !n 
slices so treated for four hours with calcium as the so.e 
basic cation, IAA (2.5 x 10-5 M) stimulates incorpor:.- 
tion of activity into respiratory CO, and organic 
acids and inhibits it for lipides. With the addition of 
KCl incorporation into the lipides is stimulated to a 
small degree but the other results are not appreciabiy 
different. With KCl and IAA at 2.x104M in- 
corporation into the pectic substances is inhibited. A 
greater part of the study is concerned with the effects 
of pre-treatment with unlabeled potassium acetate or 
other salts plus and minus IAA, followed by brief ex- 
posure of the tissue to acetate-1-C!*. A typical re- 
sponse to 105 minutes of pre-treatment and 15 min- 
utes of C1!4-treatment is a strong inhibition of in- 
corporation into pectic substances, lipides and water 
extractable materials and a marked stimulation of 
incorporation into organic acids, and respiratory CO, 
by IAA at a growth-promoting concentration of 2.5 x 
10+ M. In the presence of potassium salts the effect 
of IAA is much greater on organic acids than on CO,; 
with caleium the effect of IAA is about the same on 
these two entities. It appears that IAA promotes 
entry of acetate into pathways of organic acid me- 
tabolism and thereby reduces the availability of this 
substrate to other systems. 
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THE RELATIONSHIP OF MAGNESIUM ION AND MOLECULAR STRUCTURE 
OF 2,4-DICHLOROPHENOXYACETIC ACID AND SOME RELATED 
COMPOUNDS TO THE INHIBITION OF THE RESPIRA- 

TION OF AZOTOBACTER VINELANDII! 


EMMETT J. JOHNSON 2:3 ann ARTHUR R. COLMER 
DEPARTMENT OF BoTaANy, BACTERIOLOGY AND PLANT PATHOLOGY AND 
LovisIaNa AGRICULTURAL EXPERIMENT StaTION, LOUISIANA StaTE UNIversITY, 
Baton Rovce, LovuIsiIaNna 


The independent work of Heath and Clark (1, 2) 
and Johnson and Colmer (3, 4, 5) introduced a new 
concept concerning the mode of action of auxin and 
auxin-like substances. Their evidence suggested in- 
terference with metal ion metabolism of the organisms 
studied. The concept would seem to be more com- 
pelling in light of the fact that the two pairs of 
workers using entirely different approaches, one the 
measurement of plant growth induction and the other 
the inhibition of bacterial respiration, arrived at the 
same conclusion. 

The argument becomes still more convincing in 
view of the fact that in one instance the natural auxin 
indoleacetic acid (IAA) was used and in the other 
the synthetic auxin-like substance 2,4-dichlorophe- 
noxyacetic acid (2,4-D) was the test compound. Of 
still further interest are the facts that in both in- 
stances a parallel was established between the action 
of the test substance and known chelating compounds, 
and, as shown in the latest work of Johnson and 
Colmer (5), that the inhibitions produced by 2,4-D, 
aureomycin, and achromycin were all abolished by 
low molar ratios of magnesium to the test agents. 

In view of these new findings it seemed advisable 
to investigate the relationship between structural 
specificity and activity of 2,4-D and related com- 
pounds to determine whether or not there was a cor- 
relation with the magnesium content of the external 
environment. 


MATERIALS AND METHODS 


The organism used was Azotobacter vinelandii 
strain O. The N-free mineral salts solution of Burk 
(Wilson and Knight (7)) with 1.0% mannitol was 
the growth medium. The organisms were grown in 
300 ml of medium in a 1,000-ml flask on a rotary- 
type shaker at 30° C for 16 to 18 hours. 

At the end of the growth period the cells were col- 
lected by centrifugation at 4°C. The cells were 
washed and centrifuged once with 10 ml of 0.2% 
aqueous KC] solution, pH 6.9. They were suspended 
in 0.2 % KCl and filtered through Reeve Angel filter 
paper no. 202, and the resulting suspension was ad- 
justed to an optical density of 1.0 with a B and L 
Spectronie 20 spectrophotometer at 420 mu. 

The usual Warburg procedures were employed 


1 Received August 8, 1957. 

2 Present address: Department of Medical Microbi- 
ology, Stanford University, Stanford, Calif. 

3 This work was made possible in part by a grant 
from the Southern Fellowships Fund. 
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(6). Each flask had in the reaction chamber the fol- 
lowing materials expressed as final molar concentra- 
tions in a total volume of 2.5 ml: cells, 0.5 ml; phos- 
phate buffer pH 6.9 to 7.0, 0.08 M; MgSO,, and the 
test compounds as indicated. The side arms of the 
flasks contained 0.1 ml of a 0.1 M solution of manni- 
tol which when tipped gave a final concentration of 
0.004 M. The center well contained 0.1 ml of 10% 
KOH and a fluted filter paper strip. All vessels 
were made to volume with triple distilled water. 

The gas phase was air and the temperature was 
31°C. The vessels were allowed to equilibrate for 5 
minutes and then the substrate was tipped in from 
the side arms. Oxygen uptake was measured for 60 
minutes. The 2,4-D used was obtained from the 
Dow Chemical Co. and was labeled “pure.” All of 
the other compounds were purchased from the East- 
man Kodak Co. 


RESULTS AND DISCUSSION 


Table I shows that 2,4-D alone produced complete 
inhibition of the respiration of A. vinelandii at the 
concentration of 9.2x10-? M. Neither of the single 
chlorine-bearing compounds was as effective at this 
concentration as was 2,4-D, but para-chlorophenoxy- 
acetic acid was the more effective of the single 
chlorine substituted derivatives of phenoxyacetic 
acid. Although ortho-chlorophenoxyacetic acid pro- 
duced less inhibition than para-chlorophenoxyacetic 
acid, it was more toxic than phenoxyacetic acid. 
This latter compound, without any chlorine in the 
molecule, was least effective of all compounds tested. 
Phenylpropionic acid, which is without the oxygen 
atom of the phenoxy compounds but which has the 


TABLE I 


INHIBITION OF THE RESPIRATION OF A. VINELANDII BY 
2,4-D anp Some ReEtateD CoMPoUNDS 





ut Os UPTAKE. 
IN 60 MINUTES 


TEST SYSTEM 





Active control 


288 * 
92x10°M 2,4-D 0 
9.2x10°M para-chlorophenoxyacetic acid 81 
9.2x10°M ortho-chlorophenoxyacetic acid 173 
9.2 x10°M phenylpropionic acid 202 
9.2x10*M phenoxyacetic acid 244 





* Values reported in all tables are averages of dupli- 
cate vessels. Each experiment was run at least twice to 
assure reproducibility of the results reported. 
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TABLE II 


RELATIONSHIP BETWEEN PHENOXYACETIC ACID AND 
MAGNESIUM IN THE RESPIRATION OF 
A. VINELANDII 





uL Ov UPTAKE 


SST SYSTEM 
Test SYSTE IN 60 MINUTES 


Active control : 283 
2x 10° M phenoxyacetic acid 183 
2x 10° M phenoxyacetic acid + 

1x10°*M MgSO, 257 
2x10°M phenoxyacetie acid + 

2x10°M MgSO, 287 
2x 10° M phenoxyacetic acid + 


4x10°M MgSO, 316 


length of its side chain maintained by substitution of 
a CH, group for the oxygen atom, was less inhibitory 
than either of the chlorine substituted derivatives, 
but was more inhibitory than phenoxyacetic acid. 
These findings are in agreement with those of Zim- 
merman and Hiteheock (8) in their work with higher 
plants. 

Before the relation of magnesium to the toxicity of 
the test agents could be determined, the concentra- 
tion of each compound which would markedly affect 
the respiration of the organism, without complete in- 
hibition, had to be ascertained. The concentration 
chosen for use with both the ortho- and para-chloro- 
phenoxvacetie acids was that concentration which in 
the preliminary experiments was just prior to the 
concentration which had produced complete inhibi- 
tion. In the case of phenylpropionic and phenoxy- 
acetic acids, solubility limitations prevented the use 
of any higher concentration than 2x 10-? M. 

Tables II to V give the results of the tests on the 
effect of added magnesium upon the toxicity of the 
compounds. Protection from the inhibition of respi- 
ration produced by phenoxyacetie acid at 2x 10-? M 
was provided by the addition of magnesium at a 1: 1 
molar ratio (table II). With 2x 10-2 M phenylpro- 
pionic acid, the inhibition was prevented by a molar 
ratio of 2: 1, magnesium to the test compound (table 
III). Ortho-chlorophenoxyacetic acid at 2x 10°? M 
almost completely inhibited oxygen uptake. A molar 


TABLE III 


RELATIONSHIP BETWEEN PHENYLPROPIONIC ACID AND 
MAGNESIUM IN THE RESPIRATION OF 
A. VINELANDII 


uL Oo UPTAKE 
IN 60 MINUTES 


TEST SYSTEM 


Active control 398 


2x10°M phenylpropionic acid 163 
2x10 M phenylpropioniec acid + 
1x10°M MgSO, 330 
2x10°M phenylpropionic acid + 
2x10°M MgSoO, 356 
2x10°M phenylpropionie acid + 


4x 10M MgS0, 398 


TABLE IV 


RELATIONSHIP BETWEEN ORTHO-CHLOROPHENOXYACETI( 
Acid AND MAGNESIUM IN THE RESPIRATION 
or A. VINELANDII 





; L Oz UPTAKi 
TEST SYSTEM M 
IN 60 MINUTES 





Active control 305 


2x 10° M ortho-chlorophenoxyacetic acid 20 
2x10°M ortho-chlorophenoxyacetie acid + 
1x10°M MgSO, 158 
2x 10° M ortho-chlorophenoxyacetic acid + 
2x10°M MgSO, 194 
2x10°M ortho-chlorophenoxyacetic acid + 


4x10°M MgSO, 266 





ratio of 2: 1, magnesium to the test compound pro- 
vided considerable protection (table IV), although 
not complete protection at this molar ratio. Higher 
molar ratios were not tested. 

Para-chlorophenoxyacetic acid strongly inhibited 
oxygen uptake at a concentration as low as 8x 10° 
M and protection from this degree of inhibition 
(table V) was afforded by magnesium at a 1 : 1 molar 
ratio. 

The fact that the inhibition by 2,4-D (5) could be 
prevented by a molar ratio of 1 : 1 magnesium to the 
herbicide and that all of the compounds tested here 
could also have their toxicity abolished by low molar 
ratios of magnesium, lends added support to the con- 
tention that their mode of action involves the inter- 
ference with metal ion metabolism. The data pre- 
sented here also suggest that the inhibition by 2,4-D 
of the respiration of A. vinelandii is a function of 
the whole molecule rather than any one part. Of 
the parts of the molecule that would seem to be the 
most likely sites for binding of metal ions, in addi- 
tion to the carboxyl group of the acetic acid moiety, 
the chlorine atoms seem to be the most significant 
substituents and the oxygen atom of the phenoxy 
moiety seems to be the least significant. 


SUMMARY 


At a concentration of 9.2x10-3M only 2,4-D 
completely inhibited the respiration of Azotobacter 


TABLE V 


RELATIONSHIP BETWEEN PARA-CHLOROPHENOXYACETIC 
Actip AND MAGNESIUM IN THE RESPIRATION 
or A. VINELANDII 


IST SYSTEM 
Test sYstE IN 60 MINUTES 





Active control 317 


8x 10° M para-chlorophenoxyacetic acid 80 
8x10°M para-chlorophenoxyacetic acid + 
4x10°M MgsoO, 228 
8x 10° M para-chlorophenoxyacetic acid + 
8x10°M MgsoO, 290 
8x 10° M para-chlorophenoxyacetie acid + 


16x 10°M Mgso, 335 
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vivelandu. The related compounds tested, phenoxy- 
acetie acid, phenylpropionic acid, ortho- and para- 
chlorophenoxyacetie acids, inhibited the test organ- 
ism to lesser degrees. 

Protection from the inhibition produced by 2x 
10° M _ phenoxyacetie acid and phenylpropionic acid 
was afforded by molar ratios of 1:1 and 2:1 re- 
spectively, magnesium to the agents. 

Considerable protection, though not complete pro- 
tection, from the inhibition produced by 2x 10-? M 
ortho-chlorophenoxyacetiec acid was provided by a 
molar ratio of 2 : 1, magnesium to the test compound. 

A 1:1 molar ratio of magnesium to the agent 
provided protection from the inhibition produced by 
para-chlorophenoxyacetie acid at 8x 10° M. 
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ACID ON THE FLOWERING OF 


XANTHIUM, A SHORT DAY PLANT!” 


R. G. LINCOLN anp K. C. HAMNER 
DIVISION OF NATURAL SCIENCE, LONG Beacu State Co.Liece, LonG BeacH, CALIFORNIA AND 
DEPARTMENT OF BotaNy, UNIVERSITY OF CALIFORNIA AT LoS ANGELES, Los ANGELES, CALIFORNIA 


A single leaf detached from a flowering Xanthium 
plant if grafted to a vegetative plant will initiate 
flowering in the second plant (10). From this and 
other evidence, the concept that leaf tissue is the 
source of the flowering stimulus is well established. 

Carr (2, 3) debudded plants prior to short day 
treatment and found the mature leaves of Xanthium 
to be incapable of supplying stimulus to a vegetative 
bud that was grafted to the debudded stock immedi- 
ately following the post-inductive treatment. De- 
budded plants can, however, serve as a source of 
stimulus to a subsequently grafted bud if immature 
leaves are present on the debudded plant at the time 
of the short day treatment (6). The role of imma- 
ture tissue in the flowering reaction is further empha- 
sized by evidence that in the absence of young leaves 
the flowering response of a single receptor bud is cor- 
related with the growth activity of that bud at the 
time of photoinductive treatment (6). 

Meristematic tissues have been recognized as cen- 
ters of synthesis for auxin and more recently imma- 
ture tissues of the seed and stem have been associ- 
ated with “gibberellin-like” substances (8, 9, 11, 12). 


1 Received August 27, 1957. 
2 The gibberellic acid, sample number 56R3543, used 
in this study was supplied by the Eli Lilly Company 
through the courtesy of Dr. Curt Leben. 


Auxins stimulate flowering in certain long day plants 
maintained on conditions of photoperiod very near 
the threshold of flowering (7). Salisbury (13) has 
demonstrated a significant increase in the flowering 
response of a slow growing bud of Xanthium follow- 
ing applications of auxin. Long day conditions in 
plants requiring such treatment for floral initiation 
as well as the cold requirement for biennial plants 
can in many instances be replaced by gibberellin (4). 
At least one plant of the long-short day type has 
been caused to flower by applications of gibberellin 
(1). In view of the association of “gibberellin-like” 
substances with immature tissues the following series 
of experiments was performed to test for a possible 
relationship of gibberellin to the previously men- 
tioned promotion of flowering by the young leaf and 
bud tissues of Xanthium. 


MATERIALS AND METHODS 


The plant material utilized in the experiments 
reported in this paper was prepared by planting 
fruit of cocklebur, Xanthium pennsylvanicum, which 
had been collected from the vicinity of Chicago, Ilh- 
nois. The burs were planted in shallow flats of soil 
maintained in the UCLA Botany Greenhouse. About 
four days after emergence, the seedlings were trans- 
planted to 4-inch pots. With the exception of the 
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actual interval of inductive treatment all plants were 
maintained on long-day conditions throughout their 
growth period. Short-day conditions were achieved 
by placing the plants on a greenhouse bench which 
was covered daily from 5:00 PM until 8:00 AM of 
the following day with an opaque curtain. Gibberel- 
lic acid, henceforth referred to as GAg (14), was ap- 
plied dropwise with a hypodermic syringe to the leaf 
surface or in the axils of the leaves, using 100 pg in 
0.1 ml of water per plant per treatment. Care was 
taken in debudding to excise each bud completely to 
preclude regeneration. Ten plants were employed for 
each treatment. 

Results were recorded employing a numerical 
evaluation based on the size and stage of develop- 
ment of the terminal staminate inflorescence at some 
specified time following inductive treatment. Vege- 
tative plants were rated as zero on the scale. The 
smallest recognizable flowering apex was assigned a 
value of 0.1. An apex of floral primordia measuring 
one fourth millimeter in diameter was evaluated as 
0.2. An additional increment of 0.1 was allowed for 
every successive one fourth millimeter increase in 
the diameter of the developing inflorescence. Each 
value expressed in tables I, II and III is the sum of 
the individual ratings of the flowering development 
of 10 plants comprising a single treatment. The de- 
tails of this system of evaluation are given in a pre- 
vious paper (5). ; 

The effect of GAs on the flowering response of 
Xanthium was tested in three experiments: a) The 
flowering response of a slow growing cotyledonary 
bud; b) The flowering potential of debudded plants; 
and ¢) The flowering response of intact plants. 


EXPERIMENTS AND RESULTS 

Errect oF GAg ON THE FLOWERING RESPONSE OF 
A Stow Grow1nc Bup: Under optimum conditions 
Xanthium grows with an unbranched single stalk 
habit. The growth activity of cotyledonary buds and 
leaf axillary buds is normally suppressed by the domi- 
nauce of the stem tip. Severing the stem within a 
mature internode and excising all buds in the axils of 
those leaves above the cotyledons stimulates the 
growth of the cotyledonary buds. For a period of 
several days the growth of the cotyledonary buds 
appears to increase in rate as the interval following 
the debudding treatment is extended. Earlier work 
(6) indicates that there is a correlation between the 
relative growth activity of the bud and the level of 
its response to an inductive treatment. A slow growth 
rate of the cotyledonary bud at the time of inductive 
treatment results in a comparatively low flowering 
response. 

The following experiment was performed to de- 
termine whether applications of GAs, could promote 
flowering in a slow growing bud. 

The plants employed in this work, the results of 
which are cited in table I, were allowed to grow under 
long-day conditions until one leaf above the primary 
leaves had achieved full expansion. The plants were 


TABLE I 


Errect oF GAs ON THE FLOWERING RESPONSE OF 
Stow Growine CoryLeponary Bups * 


MAGNITUDE 0 
FLOWERING 
RESPONSE AND 
STANDARD ERROR 


TREATMENT 


1. All leaves but two primary leaves re- 
moved. Defoliated and debudded one 
day before the 1st photoinductive cycle. 
Two short days administered. Treated 


2. All leaves but two primary leaves re- 

moved. Defoliated and debudded one 

day before the Ist photoinductive cycle. 

Two short days administered. Not 

treated with GAs. 2.8 + 0.34 
3. All leaves but two primary leaves re- 

moved. Defoliated and debudded on 

the day of the 1st photoinductive cycle. 

Two short days administered. Treated 

with GAs. 6.2 + 1.48 
4. All leaves but two primary leaves re- 

moved. Defoliated and debudded on 

the day of the 1st photoinductive cycle. 

Two short days administered. Not 

treated with GAs. 1.7 + 0.50 


5. All leaves removed. Not treated with 
GAs. Two short days administered. 0.0 

6. All leaves but two primary leaves re- 

moved. Treated with GAs. No short 

day treatment administered. 0.0 


* All buds removed except a single cotyledonary bud. 
Numerical evaluation of flowering response las been de- 
scribed in a previous paper (5). 


then prepared for treatment by first severing the 
stem in the internode above the primary leaves. The 
buds in the axils of the primary leaves were then ex- 
cised and one of the two cotyledonary buds was re- 
moved. At the time of inductive treatment the stem 
supported two primary leaves and a single cotyle- 
donary bud in all treatments with the exception of 
treatment 5 (table I) which had been completely 
defoliated. Plants of treatments 1, 2 and 5 had 
been partially defoliated and debudded, according 
to the description given in table I, one day before 
the Ist short day treatment. The plants of treat- 
ments 3, 4 and 6 had been prepared for photoinduc- 
tive treatment on the morning of the Ist short day 
(3-19-57). GAs was administered to treatments 1, 
3 and 6 several hours before the Ist dark period. All 
plants were given two photoinductive cycles and 
were dissected two weeks following the last short 
day (4-83-57). 

The plants of treatment 6 were completely vege- 
tative indicating that GAg applied to Xanthium on 
long-day conditions will not induce floral initiation. 
Treatment 5 was also entirely vegetative which 
confirms earlier results (6) showing that the cotyle- 
donary bud in its early stages of growth will not ini- 
tiate flowers even thongh exposed to short day treat- 
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ment. The GAg treated groups of both series, 1 and 
3 exhibited a threefold increase in magnitude of 
floral development over the comparable untreated 
series, 2 and 4. The results cited in table I are 
highly significant. It is apparent that applications 
of GAg increase the flowering response of Xanthium 
under conditions in which the flowering response 
would normally be restricted by the slow growth ac- 
tivity of the bud. 

INFLUENCE OF GAg ON THE EFFECTIVENESS OF 
SHort Day TREATMENT OF DeBUDDED PLANTS: Carr 
(3) subjected debudded Xanthium plants possessing 
only mature leaves to short day treatment. He could 
determine no flowering response in scion buds that 
were grafted to the debudded stocks subsequent to 
the short day treatment. A low level of flowering 
has been demonstrated in the scion bud when young 
leaves are present on the stock plant at the time the 
short day treatment has been administered (6). 
Much higher flowering is achieved when the stock 
plant is intact at the time of inductive treatment 
but debudded after the last short day (6). 

The following experiment was designed to deter- 
mine if bud tissue can be replaced during inductive 
treatment by applications of GAs. 

All buds were removed from 40 Xanthium plants 
having at least three mature leaves above the pri- 
mary leaves. Twenty plants retained all leaves up 
to a leaf about 1.0 ecm in length. The remaining 20 
plants retained only the mature leaves. All plants 
were given five photoinductive cycles. GAg was ap- 
plied several hours preceding the 2nd and the 4th 
dark periods. A vegetative plant was approach 
grafted to each debudded stock following the last in- 
ductive dark period. 


The results depicted in table IT indicate that GA» 
greatly increases the effectiveness of inductive treat- 
ment given to a debudded plant with young leaves. 
The application of GAg to debudded plants having 


TABLE II 


Errect oF GAs oN DesuppeD PLANTS GRAFTED TO 
VEGETATIVE Bups AFTER INDUCTIVE 
TREATMENT * 


MAGNITUDE OF 
FLOWERING 
RESPONSE AND 
STANDARD ERROR 


TREATMENT 


I. Mature leaves only. 


No GAs 0.0 
II. Mature leaves only. 
With GAs 0.0 
III. Mature leaves + young leaves. 
No GAs 3.7 + 0.88 


IV. Mature leaves + young leaves. 
With GAs 


10.3 + 1.76 
_ * All plants debudded before inductive treatment. 
Numerical evaluation of flowering response has been de- 
scribed in a previous paper (5). 
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only mature leaves did not result in a flowering re- 
sponse in the scion. 

Errect oF GAg ON THE FLOWERING RESPONSE OF 
Intact PLANts: In addition to the greater flowering 
response associated with the application of GAg to 
plants employed in those experiments cited in tables 
I and II, the treated plants exhibited a marked ac- 
celeration of growth. The following experiment was 
performed in recognition of the possibility that in- 
creased flowering resulting from applications of GA3 
might be attributable to a greater capacity of the 
bud to respond associated with the observed increased 
rate of growth. 

Three photoinductive series (1, 5 and 10 short 
days) were used and two treatments of 10 plants each 
were employed for each series. The plants were 
maintained intact without debudding or defoliation 
of any kind. The initial date for each series was 
staggered so that the last photoinductive cycle for 
each series was given on the same day (6-27-57). 
One treatment on each of the three photoinductive 
series received GAs. The chemical was applied be- 
fore the Ist inductive dark period for the treated 
plants of all three series and also on the morning of 
the 5th short day for the treated plants on the 10 
short day series. All plants were dissected 20 days 
following the last short day treatment. Although 
there was very obvious growth acceleration on all 
treatments which had received GAg, there was no 
significant change in the flowering response as a re- 
sult of applications of the chemical. A similar experi- 
ment with Biloxi soybean, subjected to a variety of 
inductive and non-inductive short day treatments, 
showed no significant difference in the number of 
nodes flowering of GA, treated plants compared to 
the flowering response of plants not treated with 
GAs. These negative results are in accord with work 
previously reported by Lang (4). 


Discussion 
Many plants, annual and biennial, which flower 
in response to long day have been stimulated to 
flower under adverse day length conditions following 
applications of gibberellin. This report constitutes 
evidence for an increased flowering response of a 
short day plant attributed to application of GAg. 
This effect can be demonstrated in Xanthium only 
when the inductive treatment, with coincident appli- 
cation of GAs, has been administered to plants hav- 
ing a limited amount of immature tissue. In this 
respect, debudded Xanthium plants having only ma- 
ture leaves at the time of short day treatment, either 
with or without GAg, did not initiate flowering in a 
scion bud. The flowering stimulus can be demon- 
strated in debudded plants following short day treat- 
ment if young leaves are present (6). This flowering 
response is greatly intensified if GAg is applied (ta- 
ble II). Similarly, if no other buds or young leaves 
are present, a single slow growing cotyledonary bud 
will respond only slightly to inductive treatment. 
Applications of GAg at the time of inductive treat- 
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TaBLe III 


FLOWERING RESPONSE oF INTACT PLANTS WITH AND 
Wirnout GAs TREATMENT * 








MAGNITUDE OF 
FLOWERING 
RESPONSE AND 
STANDARD ERROR 


TREATMENT 


I. One photoinductive cycle 





(a) Without GAs 79 +037 
(b) With GA;** 79 + 0.43 

II. Five photoinductive cycles 
(a) Without GAs 174+ 1.04 
(b) With GAs** 17.8 + 1.20 

III. Ten photoinductive cycles 
(a) Without GAs 23.2 + 1.28 
16.8 + 0.75 


(b) With GAs*** 





* Numerical evaluation of flowering response has been 
described in a previous paper (5). 

** One application of GAs. 

*** Two applications of GAs. 


ment cause a threefold increase in the flowering re- 
sponse (table I). 

Intact plants, with a full complement of young 
leaves and actively growing buds, flower strongly in 
response to short day treatment. Applications of 
GAg do not alter the flowering response (table III). 
Such plants may have optimum amounts of the 
“oibberellin-like” materials since these substances are 
produced by a variety of immature tissues (9, 11, 12) 
and may be expected to be present in young leaves 
and buds. Conversely, other plants that have imma- 
ture tissue present in limited amounts can be con- 
sidered to have a low “gibberellin-like” complement. 
If gibberellin were involved in the flowering response, 
a plant low in native gibberellin would react strongly 
to applications of GAg as is indicated by the data 
listed in tables I and IT. 

Immature tissues apparently constitute the site 
of GAg action in enhancing the flowering of Xanthium 
as applications of the chemical are not effective in 
the absence of young leaves or buds. The effect of 
GAg described in these experiments is probably not 
that of increasing the primary production of the stim- 
ulus but may be the result of an increased capacity 
for the storage of the stimulus in the immature tis- 
sues of the voung leaves and buds. 


SUMMARY 


The present experiments constitute evidence for 
an increase in the flowering response of Xanthium as 
a result of treatment with GAg. 

GAg did not alter the flowering response of intact 
Xanthium plants. Debudded plants, with only ma- 
ture leaves remaining, did not serve as a source of 


the flowering stimulus either with or without GA,. 
GAg will cause a threefold increase in the flowering 
potential of debudded plants with young leaves. \ 
similar increase was demonstrated in the floweri.g 
response of slow growing cotyledonary buds following 
application of GAg. 

Immature tissue is considered to be the site of 
action for GAg in promoting the flowering of Xan- 
thium. It is suggested that GA3 may act by promot- 
ing an increased capacity for the storage of the stim- 
ulus in the immature tissues. 
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THE ASSIMILATION OF N™%-FROM LABELED HYPONITRITE 


BY SOYBEAN LEAVES?” 


D. STUART FREAR 2 ann R. C. BURRELL 


DEPARTMENT OF AGRICULTURAL B*OCHEMISTRY, THE OHIO State UNIversiry, CotumMsvs 10, OHIO 
AND THE CHARLES F.. KETTERING FOUNDATION, YELLOW Sprincs, OHIO 


Hyponitrite has often been suggested as a possible 
intermediate between nitrite and hydroxylamine in 
the stepwise reduction of nitrate to ammonia by 
higher plants. It has only been very recently, how- 
ever, that direct evidence has become available in 
support of this hypothesis through the discovery and 
partial characterization of nitrate, nitrite and hydrox- 
ylamine reductase enzyme systems in plants. The 
existence of an intermediate in plants at the reduc- 
tion level of hyponitrite has been indirectly indicated 
by recent findings. Nason, Abraham and Averbach 
(16) demonstrated that three moles of reduced pyri- 
dine nucleotide are necessary for the reduction of one 
mole of nitrite to ammonia in plant extracts. In 
studying the stoichiometry of hydroxylamine reduc- 
tase systems in plant extracts, Zucker and Nason (31, 
32) found that one mole of reduced pyridine nucleo- 
tide was necessary for the reduction of one mole of 
hydroxylamine to ammonia. These facts, coupled 
with our present knowledge of hydrogen transfer 
mechanisms in biological systems, strongly suggest 
that there is an intermediate with an oxidation state 
of +1 for nitrogen between nitrite and hydroxylamine 
in the reduction of nitrate to ammonia by two-elec- 
tron steps. 

Hyponitrite has never been detected in higher 
plants and, until recently, hyponitrite had never been 
shown to be utilized by plants. In the recent reports 
of Medina and Nicholas (12, 13), however, the au- 
thors demonstrated the formation of ammonia from 
hyponitrite by extracts of Neurospora. 

The objective of the investigations reported here is 
to ascertain, through the use of N!-labeled hypo- 
nitrite, whether or not hyponitrite-nitrogen is as- 
similated by higher plants. 


MATERIALS AND METHODS 


PREPARATION OF N1-LaBELED Soptum Hypont- 
TRITE: Labeled nitric acid (34.5 atom percent N1) 
was obtained from Distillation Products Industries 
and converted to sodium nitrate prior to a direct re- 
duction to hyponitrite with sodium amalgam. The 
resulting labeled sodium hyponitrite preparation was 
stored in a vacuum desiccator at room temperature. 
The procedures used were essentially those of Divers 
(6, 7, 8) as modified by Partington and Shah (22) 
and Addison, Gamlin and Thompson (2). 


1 Received August 29, 1957. 

“Parts of this paper are taken from the dissertation 
presented by the senior author in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy 
at The Ohio State University, 1955. 

’ Present address: Department of Agricultural Chem- 
= North Dakota Agricultural College, Fargo, North 
Jakota. 
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DETERMINATION OF HyYPONITRITE Purity: The 
volumetric procedure of Oza (19) for the determina- 
tion of hyponitrite by the titration of the insoluble 
silver salt with standard potassium thiocyanate solu- 
tion was slightly modified so that as little as 10 micro- 
moles of hyponitrite could be determined in the pres- 
ence of nitrate and nitrite. Nitrate impurities were 
determined by the procedure of Mellette, Brodsky 
and Palmer (14) after the removal of the hyponitrite 
by boiling (19, 20). Nitrite impurities were deter- 
mined by the method of Shinn (24). Hydroxylamine 
and ammonia impurities were tested for by the proce- 
dures of Frear and Burrell (11) and with Nessler’s 
reagent respectively. 

INTRODUCTION OF LABELED HYPONITRITE: Four 
grams of fresh, primary leaves from 8-day-old soy- 
bean seedlings were harvested, rinsed with distilled 
water and cut into small sections approximately 5 
mm square. The leaf sections were immediately 
placed in a 125-ml suction flask and vacuum infil- 
trated (30) with 25 ml of 0.01 M labeled sodium hy- 
ponitrite solution at pH 11.8. Infiltration was ear- 
ried out in diffuse light with intermittent breaking of 
the vacuum and continuous shaking for 10 minutes. 
After infiltration, the remaining labeled sodium hypo- 
nitrite solution was quickly drained off and the in- 
filtrated leaves were rinsed with distilled water. The 
infiltrated leaf sections were then divided into two 
equal samples and spread out on 6-inch watch glasses. 
One of the samples was exposed to light for 60 min- 
utes (approximately 1,000 ft-c intensity) and the 
other was maintained in darkness for 60 minutes. 
Another 4-g portion of leaf sections was infiltrated 
with a previously boiled 0.01 M labeled sodium hypo- 
nitrite solution, divided into two equal samples, and 
run simultaneously in the light and in the dark as a 
control for any N?°-labeled impurities or decomposi- 
tion products in the hyponitrite infitrating solution. 

PREPARATION OF SAMPLES FOR MAss SPECTROMETER 
ANALYsIs: Immediately after the exposure of the in- 
filtrated samples, they were extracted with hot 70% 
ethanol by grinding with washed sea sand in a mor- 
tar. The ethanol extracts of the infiltrated leaf sam- 
ples were then transferred to a modified semimicro 
Kjeldahl distillation apparatus described by Varner 
et al (27) for the separation and analysis of the solu- 
ble nitrogen components of plant extracts. The solu- 
ble nitrogen compounds of the ethanol extracts were 
separated into ammonia plus amide, nitrate plus ni- 
trite and amino acid plus other soluble nitrogen frac- 
tions. The resulting nitrogen fractions, in the form 
of ammonium sulfate, were then oxidized to nitrogen 
with alkaline sodium hypobromite by the procedures 
of Rittenberg (23). The nitrogen of each sample was 





then analyzed in the mass spectrometer for atom per- 
cent excess N°. 


RESULTS 


ANALYsIS OF N1!5-LaBELED SopiuM HyYPONITRITE 
PREPARATIONS: Labeled sodium hyponitrite prepara- 
tions were found to be of high purity but low in yield. 
Yields of labeled sodium hyponitrite were approxi- 
mately 10% and purity was 90 to 98%. According 
to Divers (6, 8) sodium nitrate, sodium nitrite, hy- 
droxylamine, sodium carbonate and sodium hydroxide 
are generally occurring impurities in the preparation 
of hyponitrite by the reduction of nitrate with sodium 
amalgam. Since other N'-labeled nitrogen com- 
pounds present as impurities would give erroneous re- 
sults in any infiltration experiments, it was necessary 
to analyze the N!-labeled sodium hyponitrite prepa- 
rations for nitrate, nitrite, hydroxylamine and am- 
monia. Nitrate and nitrite impurities were found to 
be less than 0.1 % in each case. No hydroxylamine 
or ammonia could be detected in the labeled sodium 
hyponitrite preparations. The remaining impurities 
were assumed to be non-nitrogenous sodium carbon- 
ate and sodium hydroxide. The results of the analy- 
sis of a typical N'-labeled sodium hyponitrite prepa- 
ration are shown in table I. This labeled sodium hy- 
ponitrite preparation was used in the infiltration ex- 
periment reported in this paper. 

SraBiLity oF Soptum Hyponirrite: The stability 
of aqueous solutions of sodium hyponitrite to be used 
in one hour in vivo experiments and the nature of the 
decomposition products of sodium hyponitrite under 
the experimental conditions to be used had to be de- 
termined before interpreting the results of any infil- 
tration experiments. 

Aqueous solutions of sodium hyponitrite, the salt 
of a weak acid and a strong base, are slightly alkaline. 
Various investigators (2, 3, 4, 10, 18, 20, 21, 22) have 
reported that sodium hyponitrite is quite stable in 
aqueous solutions at pH 7 or above. Under acidic 
conditions or on boiling, however, aqueous solutions 
of sodium hyponitrite have been found to be very un- 
stable and decompose rapidly into sodium hydroxide 
and nitrous oxide (1, 3, 17, 18, 20). Partington and 
Shah (22) have reported that sodium hyponitrite de- 


TABLE | 


RESULTS OF THE ANALYSIS OF A LABELED 
SoptuM HyYpoNnITRITE PREPARATION 





Theoretical yield 





2.34 ¢ 

Actual yield 0.21 ¢g 
Percent yield 9.00 % 
Percent purity 90.00 % 

* Impurities: 

Sodium nitrate 0.08 % 
Sodium nitrite 0.05 % 
Hydroxylamine 0.00 % 
Ammonia 0.00 % 





* Other impurities not shown were assumed to be 
principally sodium carbonate and sodium hydroxide. 
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TABLE II 


SraBILity oF SopruM HyYPONITRITE IN 











TIME IN MICROMOLES OF MIcROMOLE 
MINUTES SODIUM HYPONITRITE OF NITRITE 

0 56.0 eae 

5 55.8 0.075 

15 55.7 0.070 

30 55.6 0.085 

60 55.5 0.075 

120 0.080 

composes to form nitrogen and nitrite. Chaudhary, 


Wilson and Roberts (4) have recently demonstrated, 
however, that no significant amounts of nitrite are 
formed in the decomposition of aqueous solutions of 
hyponitrous acid during a 48-hour period. 

Table IT illustrates the results of a typical experi- 
ment on the stability of sodium hyponitrite in aque- 
ous solution at pH 11.3. A 0.0301-g sample of so- 
dium hyponitrite (98.6 % pure) was dissolved in 50.0 
ml of distilled water and aliquots were taken at speci- 
fied time intervals for the analysis of sodium hypo- 
nitrite and nitrite by the procedures mentioned ear- 
lier. The results clearly demonstrate the stability of 
an aqueous solution of sodium hyponitrite and show 
that nitrite, other than that which was originally 
present as an impurity of the sodium hyponitrite, is 
not a decomposition product of sodium hyponitrite 
under the conditions of the experiment. Sodium hy- 
ponitrite solutions buffered to pH 7.3 with 03M 
Tris (hydroxymethyl) aminomethane also decom- 
pose to produce nitrous oxide as the only nitrogen 
containing decomposition product. The rates of de- 
composition of sodium hyponitrite solutions at lower 
pH values are, however, greatly increased. At pH 
7.3 a 0.01 M sodium hyponitrite solution has a half 
life of approximately 11 minutes. This increased rate 
of decomposition at pH 7.3 agrees rather closely with 
the decomposition rates of sodium hyponitrite solu- 
tions reported by Bonner and Bigeleisen (3) who 
found that sodium hyponitrite solutions completely 
decompose in a matter of hours even at a pH of 10.6. 

Sodium hyponitrite is not reduced to ammonia by 
ordinary reducing agents according to Partington and 
Shah (22). Hyponitrite can be fairly readily oxi- 
dized, however, by strong oxidizing agents. Chaud- 
hary, Wilson and Roberts (4) and Medina and 
Nicholas (12) have reported the oxidation of hypo- 
nitrite to nitrite and nitrous oxide with an iodine- 
acetic acid reagent. The nitrogen of an aqueous 
solution of sodium hyponitrite was not recovered as 
ammonia nitrogen using the procedure of Varner et al 
(27) in the separation and determination of the solu- 
ble nitrogen fractions. Therefore, any hyponitrite re- 
maining in the ethanol extracted samples was not 
oxidized or reduced, but decomposed and lost as ni- 
trous oxide in the alkaline steam distillation of the 
ammonia-amide nitrogen fraction. 
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REDUCTION OF INFILTRATED N!5-LaBELED SoDIUM 
HyYPONITRITE BY SOYBEAN LEAvEs: Previous experi- 
ments (10) have shown that the N!5-nitrogen of hy- 
ponitrite is reduced to the level of ammonia by in- 
filtrated sections of soybean leaves. In these experi- 
ments, however, the nitrate-nitrite nitrogen fractions 
were too small to be accurately analyzed in the mass 
spectrometer. Therefore, some doubt existed as to 
the possibility that some or all of the hyponitrite was 
first oxidized to nitrite or nitrate before being re- 
dueed to ammonia in the infiltrated soybean leaf sec- 
tions. Table III shows the results of a recent infil- 
tration experiment with N!5-labeled sodium hyponi- 
trite in which the N! content of the nitrate-nitrite 
fractions was sufficient for mass analysis. These re- 
sults clearly show that the nitrogen of hyponitrite is 
reduced in the light or the dark to the level of am- 
monia by infiltrated leaf sections. The highest atom 
pereent excess N15, however, was found to be in the 
nitrate-nitrite nitrogen fractions of both the light and 
dark exposed samples. Control samples infiltrated 
with a previously boiled (decomposed) 0.01 M hypo- 
nitrite solution were found to contain very small 
amounts of N™ in the various nitrogen fractions. 
This N15 was presumably derived from the N?!°- 
labeled nitrate and nitrite impurities present in the 
hyponitrite preparation and from any N?°-labeled de- 
composition products which might have been formed 
during the course of the experiment. In all cases, 
however, the amount of N™ present in the control 
samples was quite small in comparison with that of 
the corresponding fraction in the samples infiltrated 
with unboiled hyponitrite. 


Discussion 

It had been generally supposed that because of the 
instability of hyponitrite its decomposition products 
would interfere with, or make extremely doubtful, the 
results of any time-consuming experiments designed 
to establish its assimilation by plants. It was be- 
lieved, however, that an N™ tracer experiment of one 
hour duration with infiltrated tissues or extracts of 
plants might prove to be feasible and provide some 
informative results. The results of the analysis of 
hyponitrite preparations for nitrogen containing im- 
purities, studies of the stability and the decomposi- 
tion products of aqueous hyponitrite solutions, and 
the use of adequate control samples demonstrated the 
practicality of one hour infiltration experiments. 

The assimilation of N' from labeled hyponitrite 
into the reduced soluble nitrogen fractions of infil- 
trated soybean leaf sections was found to be approxi- 
mately four times greater in the light than in the 
dark. This is not surprising in view of the recent 
findings of numerous investigators. An increase of 
nitrate assimilation in the light has been recently re- 
ported by Mendel and Visser (15) who found that 
tomato leaf disks were able to reduce nitrate both in 
the light and in the dark, but the rate of reduction in 
the light was about 50% greater than in the dark. 
Vanecko and Varner (26) demonstrated that nitrite 


TABLE III 


Fate or N*-NitTRoGEN SuppLiep AS Na2N2"O2 
TO SoyBEAN LEAVES 








r wee ATOM 
SAMPLE 2 en PERCENT 
5 ; Excess N*® 
NasN2”O2 in Ammonia and amide 0.112 
the light Nitrate and nitrite 0.216 
* Amino acid and other 
soluble nitrogen 0.049 
NazN2"Oz in Ammonia and amide 0.037 
the dark Nitrate and nitrite 0.248 
* Amino acid and other 
soluoble nitrogen 0.012 
Boiled NazN:”O- Ammonia and amide 0.004 
in the light Nitrate and nitrite 0.000 
* Amino acid and other 
soluble nitrogen 0.000 
Boiled NazN2"Oz Ammonia and amide 0.006 
in the dark Nitrate and nitrite 0.002 
* Amino acid and other 


soluble nitrogen 0.001 


* Soluble nitrogen compounds converted to ammonia 
by Kjeldahl digestion after removal of ammonia, amide, 
nitrate and nitrite nitrogen. 


disappearance also proceeds in both the light and 
darkness, although the rate in the light was much 
more rapid than in the dark. Evans and Nason (9) 
have demonstrated the reduction of nitrate to nitrite 
in the light with grana and purified nitrate reductase 
from soybean leaves. Vishniac and Ochoa (28, 29) 
and Tolmach (25) have shown that illuminated chlo- 
roplast preparations reduce pyridine nucleotides. In 
both light and in the dark, therefore, the nitrate re- 
duction process in green plants is associated with 
hydrogen transfer from reduced pyridine nucleotides 
derived from enzymatic dehydrogenations or photo- 
chemical reduction. These facts suggest that the in- 
creased rate of assimilation of hyponitrite nitrogen in 
the light is probably the result of a greater availabil- 
ity of reduced pyridine nucleotides in the illuminated 
sample. 

The reduction of N!°-labeled nitrate and nitrite to 
the level of ammonia by plant tissues has been re- 
ported by Delwiche (5) and Vanecko and Varner 
(26) respectively but does not, unfortunately, provide 
any direct information as to the possible pathways 
and intermediates involved in their reduction. The 
highest atom percent N™ in these experiments was 
found in the nitrate-nitrite nitrogen fraction of the 
ethanol extracts indicating the oxidation of hyponi- 
trite to the level of nitrite or nitrate. Medina and 
Nicholas (12, 13) in their recent studies of ammonia 
formation from hyponitrite by crude Neurospora ex- 
tracts did not report evidence for the formation of 
nitrite or nitrate from hyponitrite. Since hyponi- 
trite is quite easily oxidized under neutral or slightly 
acidic conditions (4, 12), nitrite could arise non- 
enzymatically in the cell sap. In these experiments, 
hyponitrite could have been reduced directly to am- 
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monia, possibly through the intermediate formation 
of hydroxylamine, or oxidized to nitrite and reduced 
by a process not necessarily involving either hypo- 
nitrite or hydroxylamine as intermediates. Even 
though the reduction of hyponitrite nitrogen to the 
level of ammonia by green plant tissues has been 
demonstrated by the use of N!5, the role of hyponi- 
trite as an intermediate in nitrate reduction is still an 
open question. 


SUMMARY 


1. Labeled sodium hyponitrite was prepared in 
rather low yield with high purity by the reduction of 
N"-labeled sodium nitrate with sodium amalgam. 

2. Aqueous solutions of sodium hyponitrite at pH 
11.3 were found to be stable for two hours at room 
temperature. Sodium hyponitrite solutions buffered 
at pH 7.3 were found to decompose at a much faster 
rate and had half lives of approximately 11 minutes. 

3. Labeled hyponitrite nitrogen was assimilated 
by infiltrated soybean leaf sections in the light and in 
the dark. 

4. Hyponitrite nitrogen was partially or com- 
pletely oxidized to the level of nitrite or nitrate prior 
to its reduction to the level of ammonia by infiltrated 
soybean leaves; hence, the results of these experi- 
ments neither establish that hyponitrite per se is as- 
similated, nor that it is an intermediate in the reduc- 
tion of nitrate or nitrite to ammonia. 


The authors are indebted to Mr. Howard Bales of 
the Charles F. Kettering Foundation for the mass 
spectrometer analysis of the samples. 
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THE EFFECTS OF LIGHT INTENSITY ON THE GROWTH RATES 
OF GREEN ALGAE??:8 


CONSTANTINE SOROKIN # ann ROBERT W. KRAUSS 
DEPARTMENT OF Botany. UNIVERSITY OF MARYLAND, COLLEGE ParK, MARYLAND 


Among the environmental factors affecting the 
growth rates of unicellular algae, light is frequently 
at an improper level. In many laboratory cultures 
used for physiological research the light intensity is 
too low to permit logarithmic growth. In nature the 
intensity is well above saturation and may be high 
enough to inhibit growth during much of the day. 
The intensities for saturation and inhibition depend 
on the suitability of other factors of the environment, 
eg., temperature, CO. level, and nutrient supply. 
In attempting to predict the performance of an alga 
under a given set of conditions it is necessary to know 
its potential under optimum conditions. Such infor- 
mation is basie to the evaluation of physiological 
studies and to the design and operation of culture ap- 
paratus. This paper describes the growth responses 
of five green algae to different light intensities under 
comparable environmental conditions. 


MATERIAL AND METHODS 


The algae for these studies included: Chlorella 
pyrenoidosa from the collection of Dr. Van Niel, Code 
No. Z.2.2.1. BAD 12/11; Chlorella vulgaris from Dr. 
Pringsheim’s collection, No. 211/8b, listed as the one 
isolated by R. Emerson and used in his work on iron 
deficiency and photosynthesis; Scenedesmus obliquus, 
No. WH-S0, isolated from fresh waters in Woods 
Hole by R. W. Krauss in 1950; Chlamydomonas rein- 
hardti, plus strain, obtained from Dr. G. M. Smith 
through Dr. Harold C. Bold; and Chlorella pyre- 
noidosa, high-temperature strain 7-11-05, isolated in 
Texas in 1951 (10). 

The cultures were grown in a medium of the fol- 
lowing composition (in grams per liter): KNOs, 1.25; 
KH.POx4, 1.25; MgSO,:-7H.O, 1.00; CaCly, 0.0835; 
H,BOs, 0.1142; FeSO, - 7 H,O, 0.0498; ZnSO, -7 H,O, 
0.0882; MnCl, - 4 HO, 0.0144; MoOs, 0.0071; CuSO, 
-5 HO, 0.0157; Co(NO3).:6 HO, 0.0049; ethylene- 


1 Received October 1, 1957. 

2 Contribution No. 2839 Maryland Agricultural Ex- 
periment Station, Scientific Article A 650. 

3 This paper is based on research supported by the 
Rockefeller Foundation and the Office of Naval-Research. 

4 Public Health Service Special Research Fellow of 
the National Microbiological Institute. 


diaminetetraacetic acid (as a chelating agent), 0.5. 
The pH of the medium was 6.8. Test tubes with in- 
ner dimensions of 16x 150 mm were used as growth 
vessels and the 10 ml of culture medium which they 
contained was inoculated from stock cultures main- 
tained on agar slants. The test tubes were fitted with 
cotton plugs, through which cotton-plugged bubbling 
tubes were passed to supply the cultures with a 4% 
CO.-in-air mixture. After inoculation the cultures 
were placed in a constant temperature water bath 
made of lucite. 

Illumination was provided by two batteries of 
lamps placed on opposite sides of the bath. Light 
intensities up to 2,000 ft-c were obtained with two 
batteries of four, white, 40-watt Champion, fluores- 
cent lamps in each. Intensities above 2,000 ft-c were 
obtained with General Electric, 300-watt, medium- 
flood lamps. Reduced intensities were achieved by 
placing wire screens between the light source and the 
water bath. Light intensities were measured by a 
recently calibrated Weston illumination meter with 
the photocell inside the bath at the level of the cul- 
ture tubes. It is recognized that the actual light in- 
tensity received by any cell in the algal suspension 
may differ from that measured by the photocell. 
There are two reasons for this discrepancy. First, 
cultures receive light from both sides of the bath as 
well as from reflection and scattering of light from 
other points around the culture tube. This situation 
is constant during each of subsequent experiments as 
long as the technique remains unchanged. Neverthe- 
less, data obtained in different laboratories with dif- 
ferent sources, different geometry of illumination, and 
different culture vessels may not be directly compa- 
rable. Second, as the culture grows, mutual shading 
of the cells reduces the actual amount of light received 
by a particular cell. It has been assumed that this 
factor does not influence growth as long as measure- 
ments indicate that the culture is in the logarithmic 
phase. Frequent transfers to fresh medium are re- 
quired to prevent a reduction in growth rate. Devi- 
ations of curves from the exponential may also be due 
to transition phenomena taking place after transfer of 
cells from agar slants to liquid media. Therefore 
more than one transfer to fresh liquid media and a 
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score of cell generations were often required before 
the lag phase was passed and growth measurements 
on steady-state suspensions could be started. 

To measure growth, the optical density of the al- 
gal suspension was determined periodically by a pho- 
toelectric colorimeter with a filter transmitting at 600 
my. In a given algal suspension optical density is 
proportional to the density of the algal population in 
terms of cell numbers or cell protoplasm per volume 
of the suspension. In using’ optical density as a 
measure of growth the assumption is made that as 
long as the culture is in the exponential phase of 
growth under steady state conditions the proportion- 
ality between optical density and the density of algal 
population remains constant. 

yrowth rate, k, is calculated from the integrated 
growth equation: 


OD. 


OD.» 


where O.D.) and O.D., are optical densities at the be- 
ginning and end of the time interval, t. By using log- 
arithms to the base 2, and the unit of time as one 
day, the growth constant, k, becomes equivalent to 
the number of doublings per day. At least five read- 
ings were taken during exponential growth in each 
experiment at a particular light intensity. Repro- 
ducibility of the rate for at least two subsequent ex- 
periments was required. The logarithmic growth rate 
for each light intensity was calculated as an average 
from two experiments, each experiment conducted in 
duplicate. 





k = logs =. 
_ t 


RESULTS 


Figures 1 and 2 give the growth rates of five algae 
plotted against light intensities up to 10,000 ft-c. 

Each of the light intensity curves consists of two 
portions. Illumination up to 2,000 ft-c was provided 
by fluorescent lamps. Intensities above 2,000 ft-c 
were from incandescent lamps. The shapes of the 
curves might not be identical were there only one 
source of light throughout the intensity range. How- 
ever, it is probable that the curves would not differ 
much. Myers (5, 6), using incandescent lamps, ob- 
tained a growth curve for a low-temperature strain of 
Chlorella pyrenoidosa similar to the curve reported 
here for C. pyrenoidosa using fluorescent lamps. The 
two portions of the curve fit rather well and provide 
a satisfactory continuation for each other. 

A typical light intensity curve for growth resolves 
itself into three distinct portions: 1) a light dependent 
portion in which the growth rate rises with the in- 
crease in light intensity, 2).a light independent por- 
tion or plateau, and 3) a light dependent portion in 
which the rate declines with increase in light intensity. 
In all these portions the characteristics of the curve 
depend heavily on the genetic make up of the orga- 
nism (fig 1), and on external conditions other than 
the change in light intensity. Of the external condi- 


tions temperature is of primary importance (fig 2). 
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The light dependent portion of the curve may dii- 
fer in its slope, in the degree of deviation from . 
straight line, and in the position of the point where it 
reaches light saturation. The differences in the slop: 
indicate that the efficiency of utilization of incident 
light energy depends on the genetic make up of the 
organism and on external conditions. 

The differences in the slope of the light intensity 
curves for growth, as one moves from lower to higher 
light intensity, were described by Bristol Roach (1) 
and observed by Phillips (8). They are also clearly 
indicated by Myers’ data (5) though no reference to 
them was made. A similar phenomenon has also been 
observed for photosynthesis by Kok (2, 3, 4). The 
universal occurrence of this phenomenon is better 
demonstrated by plotting the lower portions of the 
curves on a larger scale (fig 3). It is more probable 
that the breaks, as they appear on the curves in figure 
3, are due to discontinuity of measurements; the ac- 
tual changes in the slopes of the curves are probably 
continuous and gradual. 

The steepness of the slope of a particular portion 
of the curve can be calculated in terms of the change 
in growth rate per 100 ft-c of change in light inten- 
sity. These data (a) for the lowest portion of each 
curve are compared in table I with those for the 
slopes of the same curves for the interval between 
160 and 260 ft-c. Figures in the last column of table 
I indicate that the growth rates for the 2nd interval 
constituted only 19 to 58 % of those for the 1st inter- 
val. The lowest portions of the light intensity curves 
must actually have slopes steeper than those shown 
in figure 3 and the percentage values given in the 
last column in table I should be even lower. A zero 
point for growth cannot lie at the zero light intensity 
but should be moved up to a light intensity at which 


TABLE I 


INCREASE IN THE GROWTH Rate (a) IN UNITS oF Log: 
PER 100 Fr-c For Stx GREEN ALGAE 











a UNITS FOR THE 
INTERVALS OF THE 





TEeM- CURVES: 
ORGANISM ra 160 To 260 
“¢ Qo OC 
FT-C Asso- PER 
LUTE CENT 





Chlorella pyrenotdosa, 
(van Niel) 25 
Chlorella pyrenoidosa, 
Emerson (from Myers, 5) * 25 


2.00 38 19 


1.20 56 47 


Chlorella vulgaris 25 1.64 39 24 
Scenedesmus obliquus, 

WH 50 25 88 50 7 
Chlamydomonas reinhardti 25 1.43 83 58 


Chlorella pyrenoidosa, 


7-11-05 25 1.36 35 26 
Chlorella pyrenoidosa, 
7-11-05 39 1.70 60 35 





* Recalculated for a saturating light intensity of 400 
{t-c according to the correction of Myers (6). 
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losses by respiration are just compensated by forma- 
tive gains. For Chlamydomonas this compensation 
point for growth is above 60 ft-c; for other strains it 
lies at lower light intensities. 

It can be concluded from table I that considered 
in terms of growth the maximum efficiency of utiliza- 
tion of incident energy, observed at the lowest light 
intensity, differed widely with various strains. It 
was more than twice as high in C. pyrenoidosa (van 
Niel) than in Scenedesmus. In C. pyrenoidosa, strain 
7-11-05, it was higher at 39 ° than at 25° C. 

A relatively high efficiency of utilization of inci- 
dent energy at low light intensities is of great eco- 
logical importance. Because of this, an alga may be 
able to survive better in shaded or deep water. Ef- 
ficiency must also be considered in predicting yields 
of mass cultures, since the density of algal populations 
often limits the light intensity received by the algal 
cells. It is obvious that any discussion on the utiliza- 
tion of light energy may be of little value unless the 
dependence of the “ efficiency ” of the species or strain 
on the environmental factors employed is clearly rec- 
ognized. 

Because of the gradual transition from the light- 
dependent to light-independent portion of an intensity 
curve, the lowest intensity which gives light satura- 
tion can only be approximated. For Chlorella vul- 
garis the data obtained in these experiments (table 
II) indicate that an increase in light intensity above 
250 to 300 ft-c did not result in any increase in growth 
rate. For other strains at 25° C, the value was about 
500 ft-ec. This value is close to that given by Myers 
(6) and by Phillips and Myers (9) for the light-sat- 
urating intensity for the Emerson strain of Chlorella 
pyrenoidosa. Myers (6) estimated it to be in the 
neighborhood of 400 ft-c and Phillips and Myers (9), 
using different technique, found it at approximately 
600 ft-c. It should be recognized, of course, that such 
determinations depend on the light source and the 
geometry of illumination. A characteristic feature of 
Chlorella pyrenoidosa, strain 7-11-05, is its higher re- 
quirement for light saturation at 39° C than at 25° C. 
Figure 2 shows that higher temperature will be of ad- 

Fic. 1. The growth rates of four species of algae at 
25°C measured at limiting, saturating, and inhibiting 
light intensities. The symbols are as follows: Chlorella 
pyrenoidosa (van Niel), circles; Chlorella vulgaris, 
crosses; Scenedesmus obliquus, triangles; and Chlamy- 
domonas reinhardti, squares. Open symbols show growth 
under fluorescent light; closed symbols show growth 
under incandescent light. 

Fic. 2. The growth rates of Chlorella pyrenoidosa, 
strain 7-11-05, measured at limiting, saturating, and in- 
hibiting light intensities. Circles plot rates at 39° C; 
triangles plot rates at 25° C. Open symbols show growth 
under fluorescent light; closed symbols show growth 
under incandescent light. 

Fic. 3. The growth rates of five strains of green 
algae measured at limiting light intensities. Data are 
those from figures 1 and 2 replotted on a larger scale. 
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TABLE II 


GrowTH CHARACTERISTICS OF FIVE STRAINS OF GREEN ALGAE 








SATURATION 








LIGHT INTENSITY \T 


WHICH THE GROW 'H 


GROWTH RATE GROWTH RATE 


TEMPERATURE, LIGHT RATE DECLINES Tv) 

FT-C LIGHT-SATURATIO 
VALUE 

(1) (2) (3) (4) (5) (6) 
Chlorella pyrenoidosa (van Niel) 25 500 2.4 3.1 6500 
Chlorella vulgaris 25 250 1.9 2.6 4500 
Scenedesmus obliquus, WH 50 25 500 15 pw 4500 
Chlamydomonas reinhardti 25 500 22 3.8 6000 
Chlorella pyrenoidosa, 7-11-05 25 500 23 3.0 3500 
Chlorella pyrenoidosa, 7-11-05 39 1400 7.0 92 


vantage to this strain at any light intensity. An 
overall comparison of strains in the light-dependent 
portions of the light intensity curves is provided by 
the growth rates at half saturation (column 4 in ta- 
ble II). For C. pyrenoidosa 7-11-05 at 25°C the 
half saturating growth rate was practically the same 
as for C. pyrenoidosa (van Niel). At 39°C the 
growth rate for 7-11-05 was three times higher than 
at 25°C. The lowest rate at half saturating intensity 
was for Scenedesmus. 

The maximum growth rate exhibited by cells at 
light saturation differed widely with the strain (col- 
umn 5 in table II). At 25° C it was almost twice as 
high for Chlamydomonas as for Scenedesmus. The 
effect of temperature was more pronounced. For the 
Chlorella pyrenoidosa, strain 7-11-05 at 39°C the 
growth rate was more than three times higher than 
at 25° C. 

The injurious effects of high light intensities upon 
algal growth have long been known but no detailed 
description of the phenomenon is available. As seen 
from figure 1 the deleterious effects of light at 25° C 
began at an unexpectedly low light intensity. The 
light-independent plateaus for the van Niel strain of 
C. pyrenoidosa and Scenedesmus extended from 500 
to about 2,000 ft-c. It was shorter for Chlamydo- 
monas, stretching from 500 to not more than 1,000 
ft-c. A short plateau from 250 or 300 to not more 
than 600 ft-c is characteristic of C. vulgaris. The 
low light-saturating intensity and the low intensity in- 
jurious to growth of this strain are features character- 
istic of shade plants. 

The description of an organism as a shade plant 
can be only relative. C. pyrenoidosa strain 7-11-05 
at 25°C is very sensitive to increasing light intensi- 
ties (fig 2). Injurious effects began at about 1,000 
ft-e. At 39°C this strain showed no deleterious ef- 
fects of high light intensity up to and probably above 
3,000 ft-c. Because of the uncertainty as to the 
point where the light-independent portion (plateau) 
of the light intensity curve starts to bend, the light 
intensity at which the growth rate is depressed to 
one half of its maximum value is given in column 6 


of the table II. The differences between the strains 
and the importance of the temperature factor are 
clearly evident. 

Working with another strain of Chlorella pyre- 
noidosa Phillips and Myers (9) did not detect in- 
jurious effects of light intensities on growth up to 
6,000 ft-c. However, differences in technique may 
provide an explanation for the discrepancy between 
their data and ours. Their experiments were per- 
formed in a flat growth chamber 1.0 em thick with 
unilateral illumination. The density of algal popu- 
lations was kept at a constant and much higher level 
than the initial optical density in the experiments re- 
ported here. Consequently mutual shading of cells 
may also have played a part in the absence of inhi- 
bition at their highest intensity. In the present study 
the mutual shading of cells was reduced to a mini- 
mum. 


SUMMARY 


The growth rates of Chlorella pyrenoidosa (van 
Niel), Chlorella pyrenoidosa, 7-11-05, Chlorella vul- 
garis, Scenedesmus obliquus, and Chlamydomonas 
reinhardti were determined under light intensities up 
to 10,000 ft-e. The intensities at which saturation 
was developed were shown to vary from 250 ft-e for 
Chlorella vulgaris to 500 ft-c for the other species at 
25°C. At 39°C Chlorella pyrenoidosa, 7-11-05, was 
light dependent at intensities below 1,400 ft-c. Inhi- 
bition from high light intensities at 25° C began at 
600 ft-c for Chlorella vulgaris but not until 2,000 ft-c 
for Chlorella pyrenoidosa (van Niel). The other 
strains were intermediate. Chlorella pyrenoidosa 7- 
11-05 was inhibited above 1,000 ft-e when grown at 
25° C but not below 3,000 ft-c at 39°C. The valid- 
ity of comparisons of these data with those of earlier 
workers was discussed, particularly with regard to 
differences in source and geometry of illumination. 
The growth rates under increasing light intensities 
were shown to be a function of the genetic make up 
of the species and temperature. 

The change in slopes of the growth rate curves in 
the light dependent ranges were described for each 
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species. It appears that a decrease in the slope of 
the light intensity curve is a characteristic common to 
these algae and others that have been studied pre- 
viously. 
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THE OXYGEN AFFINITY OF A FLAVIN OXIDASE INVOLVED IN THE 
RESPIRATION OF STREPTOCOCCUS FAECALIS?? 


DONALD J. NIEDERPRUEM anv DAVID P. HACKETT 


DEPARTMENT OF BioLocy, THE UNIVERSITY OF BurraLo, BurraLvo 14, New York 


The characterization of the oxidases involved in 
cell respiration has been based largely on experiments 
with enzyme inhibitors. In addition, it is possible to 
characterize an oxidase by its affinity for oxygen, 
which may be determined by measuring the oxygen 
consumption as a function of oxygen concentration. 
This information is especially valuable in those cases 
where the tissue respiration is insensitive to such clas- 
sical inhibitors as cyanide and carbon monoxide (see 
1, 4,6). Although it has often been assumed that this 
“insensitive ” respiration is mediated by oxidases 
which are flavoproteins, recent studies (15, 17) have 
shown that these same tissues may exhibit a high 
oxygen affinity, much greater than that exhibited by 
most isolated flavin oxidases (12). This poses the fol- 
lowing question: are there some other flavin oxidases 
with a relatively high oxygen affinity which could ac- 
count for this type of respiration? To answer this, a 
study was made with Streptococcus faecalis (B33A) 
whose respiration is known to be mediated by a flavo- 
protein oxidase (2, 3). The great advantage of this 
particular organism is that it does not contain any 
cytochromes (13), which might complicate the inter- 
pretation of the results. 

The culture methods employed were those de- 
scribed previously by Seeley and Vandemark (11). 
The cells were harvested in a centrifuge, resuspended 
in distilled water, and their respiratory rates deter- 


1 Received October 7, 1957. 
“This work was supported in part by a grant from 
the National Science Foundation. 


mined, in the presence of glucose, by standard mano- 
metric techniques at 37.5° C (16). To test the effect 
of cyanide on respiration Robbie’s Ca(CN).— 
Ca(OH). mixtures were added to the center well 
(10). Cell-free extracts were obtained by grinding 
freshly harvested cells with alumina (A-301, Alcoa) in 
phosphate buffer (0.05 M, pH 7). The slurry was 
centrifuged at 2,000 G for 30 minutes in the cold 
and the supernatant fraction, referred to as the en- 
zyme solution, was used in the spectrophotometric as- 
says. The oxidation of reduced diphosphopyridine 
nucleotide (DPNH) was followed at 340 my in a 
Beckmann DU spectrophotometer at room tempera- 
ture, using cuvettes with a 1 cm light path. The ef- 
fects of oxygen concentration were determined in: vac- 
cine-stoppered cuvettes which had been flushed 10 
minutes with the appropriate gas mixtures. To ob- 
tain complete anaerobiosis, the special cell of Lazarow 
and Cooperstein was employed (8). Optical density 
units were converted to DPNH concentration by as- 
suming a molecular extinction coefficient of 6.22 x 10® 
sq em/mole (5). Protein was determined by the 
method of Stadtman et al (14). 

In preliminary experiments, the well known fact 
that the respiration of S. faecalis is not inhibited by 
cyanide (9, 11) was confirmed using 0.001 M HCN. 
Following this, the effect of oxygen concentration on 
the oxygen consumption of whole cells was deter- 
mined manometrically. The respiratory rates in ves- 
sels gassed with 5, 20 and 100 % Os» showed only slight 
differences, whether the vessels were gassed initially 
or after a period in air. The rate in 5 % Os, was not 
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significantly lower than that in air, but there was a 
slight inhibition, averaging 18 % in three experiments, 
when the gas phase was 100 % Ov. 

These results suggested that the enzyme which 
mediates respiration here is not a typical terminal 
oxidase of the flavoprotein type; its properties were 
therefore examined in cell-free systems. Dolin (2, 3) 
has shown that extracts of vacuum-dried S. faecalis 
cells contain an active DPNH oxidase system in- 
volved in the following two reactions, both of which 
are catalyzed by flavoproteins: 


DPNH + H* +0, ——> DPN* + H,0, 
DPNH + H* + H,0, ——> DPN* +2 H.O 


2 DPNH +2 H*+0,——> 2 DPN*+2 HO 


In the present study, a similar extract was obtained 
by grinding freshly harvested cells with alumina. 
This extract also rapidly oxidizes DPNH (0.1 micro- 
mole DPNH/min x mg protein), and the formation 
of DPN as a reaction product was demonstrated by 
subsequently regenerating DPNH enzymatically. The 
reaction does not take place with boiled extracts and 
the rate of oxidation is directly proportional to the 
volume of extract employed. The oxidase system is 
not inhibited by a variety of compounds which bind 
heavy metals, including cyanide, fluoride, phenylthi- 
ourea, ethylenediamine tetraacetate and diethyldithio- 
carbamate (all at 10-8 M). On the other hand, it can 
be essentially completely blocked by the sulfhydryl 
inhibitor phenylmercuric acetate (10° M). In the 
presence of this inhibitor, the DPMH peroxidase re- 
action can be demonstrated by adding H.O,; this 
suggests that the essential thiol groups are involved 
primarily in the oxidase portion of the overall reac- 
tion. The assumption that this isolated oxidase is 
part of the normal respiratory pathway is supported 
by the fact that the respiration of intact cells is in- 
sensitive to metal-binding reagents but blocked by 
phenylmercuric acetate. Further, the measured rates 
of DPNH oxidation (equivalent to 70 pl Oo/hr x mg 
protein) could account for all of the respiration of in- 
tact cells in the presence of glucose. 

The enzymatic oxidation of DPNH by the extract 
depends on the presence of molecular oxygen, as 
shown by the fact that there is no reaction under 
strictly anaerobic conditions. The initial rate of the 
reaction is not significantly different in mixtures satu- 
rated with 5, 20 and 100 % Oy. In order to evaluate 
the oxygen affinity more precisely, the amount of 
oxygen in the reaction mixture was adjusted so as to 
permit an estimate of the oxygen concentration at 
which the DPNH oxidase proceeds at one half the 
maximum rate. By carefully regulating the nitrogen 
flushing, it was possible to leave only enough oxygen 
to permit a brief oxidation of DPNH before the sys- 
tem became completely anaerobic (fig 1). From the 
time course curve it is possible to estimate the point 
at which the rate of DPNH oxidation is one half that 
in the air-saturated control. From the difference in 
extinction between the point at which DPNH oxida- 
tion stops completely and the point at which the rate 
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Fic. 1. The rate of DPNH oxidation by S. faecalis 
extracts in mixtures saturated with air (Control) or suf- 
ficient nitrogen to permit only a brief oxidation before 
becoming anaerobic (Nz). The half-maximal velocity 
(V/2) determined from the latter reaction was used to 
calculate the oxygen affinity of the oxidase (see text). 
Reaction mixtures contained: potassium phosphate buf- 
fer, 0.05 M, pH 7.0, 15 ml; DPNH, 18x10‘ M, 05 ml; 
extract, 0.05 ml; water to 3.0 ml. 


is one half maximal, the corresponding amount of 
DPNH oxidized can be calculated. In a typical ex- 
periment, this value was 4.18x10-°M. Since the 
overall stoichiometry of .the reaction indicates that 
the DPNH oxidation requires one half the molar con- 
centration of Os, it follows that the O, concentration 
when the rate of DPNH oxidation was half-maximal 
([O.]5°) was 2.09x 10M. Accordingly, the oxygen 
affinity (1/[0,]®® or 1/K,,) of the cell-free DPNH 
oxidase system is 4.8 x 10° M. 

Most isolated flavin oxidases have a relatively low 
oxygen affinity; their activities are generally two to 
three times greater in 100 % Og. than in air and mark- 
edly reduced in 5% Op, (12). Neither the respira- 
tory rate of intact S. faecalis cells nor the activity of 
the extracted DPNH oxidase exhibits this type of de- 
pendence on oxygen tension. The actual values of 
the oxygen affinities of two isolated flavin oxidases are 
1.4x10*M for xanthine oxidase and 2x 104M for 
amino acid oxidase (7). The affinity of 4.8 x 10°M 
calculated here for the DPNH oxidation system is 
more than 10 times greater than these values. Since 
the reaction with oxygen in this system is catalyzed 
by a flavin oxidase (2, 3), we must conclude that 
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there may be flavin oxidases with relatively high 
oxygen affinities which can be involved in normal 
respiration. 

It has been shown with potato tuber slices (15) 
and an Aroid spadix (17) that higher plant tissues 
having a cyanide and CO insensitive respiration can 
have a relatively high oxygen affinity, with a 1/K,, 
equal to 3x105M. Although this value is higher 
than the affinity of many flavin oxidases, the results 
of the present study suggest that this group of en- 
zymes cannot be ruled out as terminal oxidases for 
respiration on this basis alone. However, the evi- 
dence that these plant tissues contain a complete cy- 
tochrome system which participates in the normal 
respiration and which may be involved in cyanide- 
resistant respiration (17) must also be considered be- 
fore a final conclusion is reached. 


SUMMARY 


The respiratory rate of S. faecalis cells and the ac- 
tivity of the extracted DPNH oxidase are essentially 
independent of the oxygen tension when the reaction 
systems are gassed with 5, 20 and 100% Oy. The 
oxygen affinity (1/K,,) of 4x 10° M is unusually high 
for a flavin oxidase, and the implications of this find- 
ing for the analysis of respiratory mechanisms are 
discussed. 
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THE RELATIONSHIP OF THE KINETIN AND RED-LIGHT PROMOTIONS 
OF LETTUCE SEED GERMINATION! 


CARLOS O. MILLER 
DEPARTMENT OF Botany, INDIANA UNIVERSITY, BLOOMINGTON, INDIANA 


Certain plant growth effects produced by applica- 
tion of kinetin strikingly resemble effects resulting 
from exposure to red light (2, 3, 4,5). For example, 
both kinetin and red light promote the expansion of 
etiolated bean leaf disks and the germination of let- 
tuce seeds. On the basis of such observations, sugges- 
tions have been made that there is a close relationship 
between biochemical activities of kinetin (6-furfuryl- 
amino-purine) and reactions controlled by red light. 
The experiments reported herein have been _per- 
formed with the hope of learning the nature of this 
close relationship if it actually exists. 


1 Received October 14, 1957. 


In the works cited above, the plant material was 
at some time exposed to at least a small amount of 
light. Although there was no evidence that such light 
affected the controls, the possibility that weak light 
has a very strong influence in the presence of kinetin 
was not eliminated. Parts of our own experiments 
were performed under a dim, green light which did 
not noticeably influence the germination of lettuce 
seeds wetted with water; the assumption was made, 
therefore, that it represented a control condition es- 
sentially equivalent to darkness. We now know that 
this is not so; weak light has very large effects on 
germination provided kinetin has been supplied to the 
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seeds. Furthermore, the strong promotion of germi- 
nation by kinetin previously reported (3) must have 
been considerably dependent upon exposure to small 
quantities of light. This relationship, of course, does 
not necessarily apply to results obtained by other in- 
vestigators with other plant materials. The conclu- 
sion concerning lettuce seed germination is supported 
by the data represented in figure 1. In this and all 
other experiments reported’ in this paper, Grand 
Rapids lettuce seeds (harvested in 1955) were sprin- 
kled into Petri dishes onto pads consisting of three 
sheets of Whatman no. 1 filter paper wetted with 5 
ml of either water or 5x10°M kinetin. These 
dishes were kept’ in absolute darkness at 25 + 1°C 
for 16 hours, next exposed to red light for the indi- 
cated times, and then returned to darkness. The 
amount of germination was determined 48 hours 
later, a seed being regarded as germinated if any part 
of the embryo protruded through the seed coats. 
This criterion of germination was selected because 
kinetin, at the concentration used, inhibits radicle 
elongation. At lower concentrations, the inhibition 
is not very marked but the percentage of germination 
is smaller. Nevertheless, experiments in which only 
5x10°M kinetin was used revealed the same rela- 
tionships between the kinetin and light effects as ob- 
served with higher concentrations; in these experi- 
ments, the radicles emerged before any other parts of 
the embryos. The red light was obtained by filtering 
radiation from a 15-watt standard daylight fluorescent 
tube through two sheets of DuPont red cellophane. 
The exposures were made at a distance of 205 cm 
from the surface of the tube and, as measured by a 
thermopile (black body), the amount of energy at 
the point of exposure was 98 ergs/sq em~xsec. Al- 
though kinetin did promote germination to some ex- 
tent in absolute darkness, it was much more effective 
if the seeds were briefly exposed to the weak light. 
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Fic. 1. Promotion of lettuce seed germination by red 
light in the presence or absence of kinetin. Light expo- 
sures at an intensity of 98 ergs/sq cm x sec and for the 
indicated times. 5x 10° M kinetin was used. 





TABLE I 


INFLUENCE ON LETTUCE SEED GERMINATION OF COMBIN«:D 
TREATMENTS WITH KINETIN, Rep LIGHT, 
AND Far-reD LIGHT 


LIGHT Yo GERMINATION * 


TREATMENT 





ON WATER ON KINETIN 


Darkness 1 34 
Red 42 89 
Far-red 1 65 
Red then far-red 3 64 





_ * Approximately 120 seeds/treatment. 5 x 10° M kine- 
tin used. 


Only a small percentage of the seeds imbibed on filter 
paper containing only water responded to the short 
periods of illumination; with the same exposures, 
most of the kinetin-soaked seeds germinated. A per- 
missible interpretation of the curves is that kinetin 
increases the efficiency with which the photoreaction 
brings about germination. 

Further evidence supporting this interpretation 
has been obtained in attempts to inhibit germination 
by exposure to far-red light. In our previous report, 
we stated that far-red does not reverse the kinetin 
promotion. In the present studies, using a filter sys- 
tem more refined than the one previously employed, 
we have learned that far-red reverses — but only 
partially — the promotion caused by exposing kine- 
tin-soaked seeds to red light; and, furthermore, far- 
red actually promotes germination of kinetin-soaked 
seeds which otherwise have been kept in the dark! 
Thus, in a typical experiment (table I), germination 
of kinetin-soaked seeds illuminated with a high-in- 
tensity red light for one minute was 89% as com- 
pared to 34 % for similarly soaked seeds kept in the 
dark. Exposure to far-red for 15 minutes starting 
one minute after the end of the red-light exposures 
decreased the 1st value to 64 % but increased the 2nd 
value to the same level. The far-red light source 
used here consisted of one 200-watt tungsten lamp 
and a filter of two layers of DuPont red cellophane 
combined with a layer 1 em thick of a 0.2% solu- 
tion of Poirrier’s blue. Exposures were made at a 
distance of 45 em from the loose end of the tungsten 
bulb. Energy values were not obtained for this setup, 
but it was established that exposures of 0.5 minute 
gave the same results as obtained with exposures of 
15 minutes for either promotion or inhibition. Thus, 
results presented here represent saturation exposures. 
With this filter system, no transmission was detected 
in a Beckman DU spectrophotometer in the range 
450 to 730 my, was less than 0.2 % in the range 400 
to 440 mp and was 4% at 750 mp. A possible in- 
terpretation of these observations is based upon the 
fact that the action spectra for promotion and for in- 
hibition of germination overlap and the likelihood 
that in the region of overlap the two pigments are in 
equilibrium (1). It may be that some molecules of 


the pigment involved in promotion are activated at 
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wavelengths of 730 my or longer (as already sug- 
gested, 1) and, in the presence of kinetin, quite 
strongly promote germination. Thus, information 
obtained by exposures to far-red irradiation also can 
be interpreted to mean that kinetin increases the sen- 
sitivity of the seeds to promotion by red light. 

Much can be learned about the relationship being 
considered here by determining just when kinetin 
must be supplied to the seeds in order to bring about 
the increase of sensitivity to red light. In the ex- 
periments described above, the kinetin solutions were 
applied to dry seeds at the beginning of the tests; 
that is, light exposures were made only after the kine- 
tin solution had been imbibed by the seeds. As a 
method of supplying the kinetin after the photoreac- 
tion had occurred, seeds were imbibed with water for 
16 hours, exposed to weak red light, and then trans- 
ferred to appropriate solutions. These seeds showed 
little response to kinetin. Thinking that this lack of 
response might be due to failure of kinetin to get 
into the seeds prompted the following procedure: 
Seeds were imbibed on water-soaked filter paper in 
the dark for 16 hours and then some were exposed to 
bright red light for 8 minutes. 
immediately blotted and dried over calcium chloride 
in a desiccator kept in darkness at 25+1°C. Three 
days later, the dried seeds were transferred to Petri 
dishes containing filter paper pads wetted with either 
water or 5x10°M kinetin. After two additional 
days in darkness, the germination percentages were 
determined. Results of a typical experiment are 
presented in table II. It is quite obvious that kinetin 
has increased the germination response of the seeds 
even though supplied after the light reaction was 
completed. This fairly well eliminates the possibili- 
ties that the compound promotes germination by par- 
ticipating directly in the photoreaction or by pro- 
moting reactions preparatory to the photoreaction. 

Therefore, if kinetin participates directly in a 
chain of reactions of which the light reaction is also a 
part, it is very likely that the involvement occurs 
after photoreaction. Our endeavors to examine this 
possibility by measuring the influence of kinetin on 
the rate of dark reactions which immediately follow 
the photoreaction (1) have yielded no clearly in- 
terpretable results. For this reason, the experiments 
are not described here. It is the author’s feeling, 


Next, the seeds were , 


TABLE II 


Errect ON Letrruce SEED GERMINATION OF KINETIN 
SUPPLIED AFTER Exposure TO Rep Licut 





% . 7 
LIGHT TREATMENT © GERMINATION 


BEFORE DRYING 








ON WATER ON KINETIN 
Dark 3 29 
Red light 28 94 





* Approximately 120 seeds/treatment. Seeds imbibed 
on water, given light treatments, dried, and later ger- 
minated. 5x10°M kinetin used. 


however, that all data thus far obtained are consistent 
with the idea that kinetin does not participate di- 
rectly in the photoreaction nor in the reactions which 
immediately precede or follow it. Furthermore, since 
kinetin at its optimal concentration cannot completely 
substitute for the light reaction, it cannot be the 
product of the photoreaction. Although it should be 
emphasized that these conclusions do not eliminate the 
possibility of the kinetin and red light actions occur- 
ring fairly close together in the same metabolic mesh- 
work, it may be wise for the moment to study each 
effect separately and intensively. 


Most of the work reported herein was done while 
the author was still a member of the Botany Depart- 
ment at the University of Wisconsin and was sup- 
ported in part by a research grant to F. Skoog from 
the American Cancer Society. 
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TRANSLOCATION OF PHOTOSYNTHETIC PRODUCTS TO SOYBEAN 


NODULES AND THEIR ROLE IN NITROGEN FIXATION"? 


MICHAEL K. BACH,?.4 W. E. MAGEE 3.5 ano R. H. BURRIS 
DEPARTMENT OF BIOCHEMISTRY, COLLEGE OF AGRICULTURE, UNIVERSITY OF WISCONSIN 
Mapison, WISCONSIN 


Nodules from leguminous plants will continue to 
fix N» into acid extractable compounds for several 
hours after they have been excised from the roots. 
The capacity of nodules to fix No is decreased two- 
to five-fold by slicing and is abolished by grinding 
the nodules (2). The decrease in nitrogen fixation 
which accompanies slicing of the nodules and sus- 
pending them in buffer or nutrient solutions has 
been attributed to the leaching of essential com- 
pounds from the slices. Attempts to restore the N.- 
fixing capacity of sliced nodules by the addition of 
nodule extracts, indoleacetie acid, ascorbic acid, cys- 
teine, glutathione, citrate, succinate, Versene or vita- 
mins have been unsuccessful (2, 11). Virtanen et al 
(20) observed that if pea plants were kept in the 
dark before their nodules were harvested, the capac- 
ity of the excised nodules for Nz fixation dropped 
considerably; upon returning the plants to light, the 
No» fixation of their excised nodules increased to a 
level intermediate between the dark and light condi- 
tions. These experiments, and the earlier experiments 
of Lindstrom et al (10), clearly established the im- 
portance of photosynthetic products for No» fixation. 

Vernon and Aronoff (19) have employed C!* to 
study the products translocated in soybeans; they 
found that sucrose was translocated most rapidly and 
carried the greatest concentration of Cl. Nelson 
and Gorham (13, 14) added labeled sugars to soy- 
bean plants and followed their movement through 
the plants; translocation was much more rapid in 
the dark than in the light. They also supplied C10, 
and found that products of its fixation were distrib- 
uted throughout the plant within three hours. Sen 
and Leopold (17) studied the light and dark fixation 
of C40, in Biloxi soybean. They observed a rapid 
depletion of sugars and a rise in organic acids and 
amino acids in the leaves in the dark. 

In the present work, CO, was furnished to pho- 
tosynthesizing soybean plants, and the photosyn- 
thetic products which were translocated to the roots 
were detected by their radioactivity. This paper 
reports the results of these experiments and the ef- 
fect observed on Nz fixation by nodule slices when 
rapidly photosynthesized and translocated sugars 
were added to media in which the slices were bathed. 


1 Received October 15, 1957. 

2 Published with the approval of the Director of the 
Wisconsin Agricultural Experiment Station. 

3 National Science Foundation Predoctoral Fellow. 

4 Present address: Research Department, Union Car- 
bide Chemicals Company, South Charleston, West Vir- 
ginia. 

5 Present address: Research Division, The Upjohn 
Company, Kalamazoo, Michigan. 
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MATERIALS AND METHODS 


Soybeans (Glycine max Merr., var. Lincoln) were 
planted in the field or greenhouse. The greenhouse- 
grown plants were watered with Hoagland and Arnon 
(7) nitrogen-free solution containing trace elements 
and double the recommended level of potassium. The 
field grown plants were fertilized at planting time 
with commercial 0-10-30 fertilizer. All seeds were 
inoculated with commercial soybean inoculum. 

Exposure To C!4O0,: Eight- to 10-week-old plants 
were used. Barium carbonate labeled with C!* was 
placed in gelatin capsules in a glass dish on the soil 
next to the plants. Just before sealing a bell jar over 
the plants, 60% HClO, was poured into the glass 
dish; approximately 20 minutes elapsed before the 
capsules decomposed and the CO, was liberated. 
The exposures to C!4O, were started during the 
mornings of bright days and continued for several 
hours; the bell jars were cooled by flowing water 
over them. After removal of the bell jars, the plants 
were allowed to photosynthesize normally for the re- 
mainder of the day (day plants), and some plants 
were not harvested until the following morning 
(night plants). 

HARVESTING, EXTRACTION AND FRACTIONATION 
Procepures: The root and nodule tissues were sepa- 
rated, and then each sample was treated in a Waring 
blendor to facilitate subsequent extraction with boil- 
ing 70 % ethanol. The insoluble matter was removed 
by centrifugation, and the clear yellow-green extracts 
were concentrated under vacuum. A second sedi- 
ment, which separated during concentration, was dis- 
carded. A primary fractionation into amino acids, 
organic acids and neutral compounds was accomp- 
lished with ion exchange resins. A 10x80 mm col- 
umn of Dowex-50(H*) held the amino acids; these 
were eluted with 6 N HCl. The water effluent from 
the Dowex-50 column was passed through a 15x30 
mm column of Amberlite IR-45 (OH~); this retained 
the anionic compounds (largely organic acids and 
phosphate esters) which later were eluted with 1 N 
NH,OH. The material that was not held on either 
column will be referred to as the “neutral fraction.” 

The organic acids were separated by the method 
of Lieberman (9) on a 14 to 15 mm inside diameter 
column containing 8 g of Mallinckrodt’s analytical 
reagent 100-mesh silicic acid carrying 5.4 ml of 0.5.N 
sulfuric acid (aqueous phase from 475 ml chloroform, 
25 ml n-butanol and 20 ml 0.5 N sulfurie acid) as 
the non-mobile phase. The column was poured as 4 
slurry in 20 ml of the 5% solvent. The column was 
developed at room temperature by starting with the 
5% butanol-chloroform solvent described and in- 
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roasing the polarity of the solvent by adding 40 % 

tanol-60 % chloroform (150 ml n-butanol equili- 
brated with 300 ml chloroform and 20 ml 0.5 N sul- 
furie acid; the aqueous phase was discarded and 50 
mi butanol was added to under-saturate the solvent 
with the non-mobile phase). A 125-ml suction flask 
containing 85 ml of the 5 % solvent served as a mix- 
ing vessel, and the 40% solvent was added from a 
reservoir by air pressure. 

The organic acids also were identified by cochro- 
matography with knowns on columns of Dowex-1 in 
the formate form as described by Busch et al (5). 
The sugars in the neutral fraction were separated as 
their borate complexes by the method of Khym and 
Zill (8) and Zill et al (22). Hexoses and polyhex- 
oses were estimated with an anthrone reagent (12), 
whereas pentoses were determined with an orcinol 
reagent (3). Measurements of radioactivity, and 
colorimetric or titrimetric analyses were performed 
on each chromatographic fraction before the samples 
were pooled. The sugars were identified and their 
purity determined by paper chromatography with a 
solvent system containing n-butanol, pyridine and 
water (10:3:3). The sugar spots, other than su- 
crose, were detected by the method of Sattler and 
Zerban (16) with a p-aminohippurie acid dip reagent 
and the sucrose with a naphthoresorcinol spray (4). 
The sugar chromatograms were developed for 48 
hours in descending fashion, as the sugars move very 
slowly in the solvent used. The relative abundance 
of C4 in the various sugars was determined by scan- 
ning one directional paper strip chromatograms of 
the sugar fractions in a recording radioactivity rate- 
meter and comparing the areas under the radioac- 
tivity peaks plotted by the instrument. 

Wer ASHING AND CountTING MEtTHops: The 
green tissues (stems and leaves), as well as the resi- 
dues from the alcohol extraction of the roots and 
nodules, were dried at 100°C in a forced draft oven 
and ground in a micro Wiley mill. Aliquots of these 
tissues were oxidized, and the CO. was collected as 
BaCOz (18). The carbon content of the samples 
was determined by titration of the excess Ba(OH)>. 
The BaCOg was separated by centrifugation, washed 
and resuspended in methanol, and aliquots of the sus- 
pension plated on tared aluminum planchets and 
counted with a thin-window Geiger counter. Correc- 
tions were made for background, self-absorption and 
coincidence, and specific activities were calculated. 
The radioactivity of the fractions recovered chro- 
matographically was determined by plating aliquots 
(the whole fractions from the organic acid columns 
were used) on cupped aluminum planchets, drying, 
and counting under a thin-window Geiger tube. 

Exposure To No! AND ANALYsIS FoR N' INcor- 
PORATION: Nodules were exposed to N.!® in two 
types of containers. Small Warburg flasks were used 
in following the time course of Ng fixation. The sec- 
ond type of container was a specially constructed 
Lucite disk (fig 1) with 1-inch holes drilled out to 
serve as receptacles for 25-mm diameter, 7-mm high 


















cover 
‘ 3/16 Q-ring 
‘ \ 
' \ 
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‘ 
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a 3 ENS 
Fic. 1. Lucite chamber for exposing excised nodules 
to N:". The diameter of the cover is 7.5 inches, and 


the diameter of the dish is 7 inches. The O-ring is held 
in a groove in the dish. The area inside the dashed 
circle (top view) is recessed 1/16 inch; the 1 inch diame- 
ter, 3/8 inch deep holes are cut into this recessed area. 
The chamber is evacuated and gassed through the stop- 
cock. 


stainless steel dishes. A partial vacuum was main- 
tained in the container, and an O-ring formed a seal 
between the top and bottom parts. Exposures were 
for two hours at 25° C, under an atmosphere consist- 
ing of 10% Ns (30 atom percent N? excess), 40 % 
O, and He to 1 or 0.8 atmospheres, depending on 
whether the first or second type of container was 
used. The nodules were inactivated and extracted 
by grinding with 3 N HCl, centrifuged, and the soluble 
portion analyzed for N'™ (2). 


RESULTS AND DISCUSSION 


Table I gives the percentage total and relative 
specifie radioactivities of the leaves, stems, roots and 
nodules of the plants which were exposed to 5 me 
C40,. One half of the plants in this experiment 
were harvested just after sunset (10 hours after the 
beginning of the exposure to C140.) and are referred 
to as the day plants. The rest of the plants (night 
plants) were harvested just before sunrise on the fol- 
lowing day (19 hours after the beginning of the ex- 
posure to C40, ). 
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TABLE I 


Gross DistrIBuTION oF C™ IN SoyBEAN PLANTS 
AFTER Exposure To 5 Mc C“O.* 








SPECIFIC 
—_— Tora Yo OF TOTAL RADIOACTIVITY 
sa ceM x 10° RECOVERED C™ cpm x 10°/MG 
DRY WT 
Day plants 
Leaves 86.59 55.4 941 
Stems 54.24 343 4.34 
Roots 11.74 76 3.14 
Nodules 3.78 29 4.20 
Night plants 
Leaves 44.74 62.2 8.18 
Stems 21.31 29.5 5.61 
Roots 4.02 5.5 1.39 


Nodules 1.91 2.7 2.89 

* The data for leaves and stems are based on analyses 
of the dried tissues which were wet ashed, whereas those 
for the roots and nodules represent the sum of the C™ 
in the residue and extract obtained with boiling 70% 
ethanol. The day roots contained 85 % of their total C™ 
in nonextracted form, the day nodules 23 %, the night 
roots 52%, and the night nodules 18 %. 


Although the leaves had the highest C!* specific 
activities (table I), the specific activities of the nod- 
ules in the day and night samples were respectively 
1.34 and 2.08 times those of the roots. This is reas- 
onable, as the nodules are more active metabolically 
and have less woody tissues than the roots. The spe- 
cific activity of the leaves decreased somewhat from 
day to night while that of the stems increased. This 
could arise from translocation of the C!4-labeled ma- 
terial from the leaves. The specific activities of the 
roots and nodules also decreased during the night, 
possibly because their C1!4-labeled compounds were 
oxidized to C!4O, in preference to their structural, 
unlabeled carbon compounds. 

Investigation of the roots and nodules was di- 
rected chiefly at establishing the similarities and dif- 
ferences between the distribution of the C1! in these 
tissues, and particularly the changes in these distri- 
butions which occur during a dark period. It was 
hoped that these comparisons might give some indi- 
cation concerning the nature of the factors which 
limit fixation of Ns in darkened plants relative to 
plants which are photosynthesizing actively. 

Table II gives the distribution of C14 among the 
various fractions from the roots and nodules of the 
day and night plants as percentages of radioactivity 
applied to the Dowex-50 and Amberlite IR-45 col- 
umns in series. The table reveals interesting dif- 
ferences in the total C!* found in organic acids and 
amino acids. During the day, the organic acids in 
the roots had nearly twice the percentage of the total 
C14 found in the amino acids, whereas, the amino 
acids in the nodules had almost twice the percentage 
C14 of the organic acids. After changes had oc- 
curred during the night, the percentage C14 de- 
creased substantially in the organic acids from the 
roots but remained relatively constant in the amino 


acid fractions; in the nodules the organic acids in- 
creased in percentage C!* about 2.5 times during tle 
night, while the percentage of total C' in the amino 
acids decreased to less than half of its day value. 
The proportional changes in the neutral fractions 
were much smaller, although the absolute changes 
were comparable. 

Virtanen et al (20) reported that fixation of N, 
by the nodules slows down when the plants are kept 
in the dark. The observation that the percentage of 
the total C14 in free amino acids decreases during the 
night suggests that the preformed amino acids are in- 
corporated into protein, and little Ns is fixed in the 
dark to replenish the supply of free amino acids. 
Under such conditions one might expect the organic 
acids to accumulate in the nodules at night, when N. 
fixation is limited, and to be converted to the amino 
acids only as new Ng is fixed. Although it would be 
logical to assume that fixation of No at night might 
be limited by lack of suitable nitrogen acceptors, it 
seems clear from the indicated abundance of total 
organic acids, that their lack cannot be responsible 
for decreased fixation. It remains possible that a spe- 
cific organic acid may have been depleted while the 
total acids increased. 

Figure 2 shows a typical separation on a column 
of silica gel of the organic acids from nodules. The 
figure records the titration and radioactivity for each 
fraction. Table III indicates the distribution of C'™ 
among the organic acids of the day and night tissues. 
The compounds were identified by their behavior 
when cochromatographed with knowns on silica gel 
and Dowex-1 formate columns. As fractions 3 to 7 
were not completely resolved on the silica gel column, 
no separate values (except for night nodules) are 
given for them in table III; the calculations for the 
night nodules were based on further analysis of these 
samples on Dowex-1 columns. Attempts to identify 
unknowns X, to X, failed. X, and Xz, although 
eluted in the region where the volatile organic acids 


TABLE II 


DistrisuTION or C' AMONG THE Gross FRACTIONS FROM 
SoyspeaAN Roors AND NopULEs 








Roors NODULES 
% Of 
Fraction ci we 
ae APPLIED : _¢ APPLIED 
cPM x 10° ‘aidan, cPeM x 10 oat 
ACTIVITY ACTIVITY 
Day plants 
Neutral 0.783 453 1.170 50.2 
Organic acids 0.284 16.4 0.182 78 
Amino acids 0.148 93 0.344 14.7 
Recovery 1.215 71.0 1.696 72.7 
Night plants 
Neutral 0.974 53.3 0.893 56.7 
Organic acids 0.219 12.0 0.315 20.1 
Amino acids 0.156 8.5 0.103 6.6 


Recovery 


1.349 73.8 1.311 83.4 
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TABLE III 


DISTRIBUTION OF C' AMONG THE ORGANIC ACIDS FROM 
SoyBean Roots aNp NopuLes as SEPARATED 
ON A COLUMN oF Sizica GEL 








Ye OF TOTAL APPLIED RADIOACTIVITY 





Fraction ComMPpounp Nop- Nop- 





Roots, Roors, : aha 
DAY NIGHT pony z i ; 
1 Xi 49 0.0 1.7 1.6 
2 Xs 15 3.4 0.0 0.0 
3 Pyruvie | 6.7 
4 Fumaric 12.0 16.7 45 0.6 
5 Lactic 0.1 
6 Xs 7.0 
7 Succinic 3.5 3.1 29 
8 Xi 3.6 3.1 41 5.0 
9 Malic 83 144 152 218 
10 Citric 42 28 3.4 8.5 
Misc .* as 13.8 10.2 10.8 8.5 
Recovery, % 518 50.6 2.7 


428 62. 





* C* recovered, but not in specific compounds. 


are eluted, are not volatile, as they do not decrease 
in radioactivity when acidified before plating for C14 
determination. Compound Xg accumulated a con- 
siderable portion of the total radioactivity of the or- 
ganie acid fraction. This compound did not cochro- 
matograph with succinate, lactate or glutarate, the 
only compounds which were mapped by Lieberman 
(9) in the region of the chromatogram where Xz 
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appeared. Compound X,4, which is abundant but 
not very active metabolically, originally was thought 
to be a-ketoglutarate. However, it failed to form 
a dinitrophenylhydrazone and did not move with a- 
ketoglutarate on the Dowex-1 columns; it also did 
not move with succinate, lactate, cis- or trans-aconi- 
tate or glycolate. Nomura et al (15) have described 
the occurrence in Monilia formosa of a compound 
having similar properties. 

Interesting changes appeared in the percentages 
of the total C!* found in the different organic acid 
fractions of the four samples analyzed. Compound 
X, disappeared from the root samples at night. This 
suggests that compound X, could be a product whose 
depletion limits fixation. The percentage of total Cl 
in fractions 3 to 7 increased but slightly in the roots, 
whereas it more than doubled in the nodules from 
day to night. In contrast, malate increased in both 
the roots and nodules. Citrate, on the other hand, 
increased in the nodules and decreased in the roots. 
The fractionation conditions employed were mild 
enough to preserve pyruvate, but a-ketoglutarate, a 
compound of comparable stability, was not found. 

Fractionation of the amino acids into acidic am- 
ino acids and neutral plus basic amino acids with 
washed columns of Amberlite IR-4B failed to reveal 
any changes in the distribution of C!4* between these 
fractions from day to night. In all cases the acidic 
amino acids carried about 30% of the total C1 in 
the amino acid fractions. 
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Fic. 2. Separation of the organic acids from C"*-labeled soybean nodules on a silica gel column by gradient 
elution with butanol-chloroform. The plants had been harvested 19 hours (10 hours in the light followed by 9 


hours in the dark) after their first exposure to C™Os. 
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Table IV summarizes the distribution of C! in 
the neutral fractions from the roots and nodules as 
based on counts of aliquots from the Dowex-1 col- 
umns. When paper chromatograms resolved the 
fractions from the column into separate compounds, 
the measurements of radioactivity on the paper 
chromatograms were used to calculate an appropriate 
correction for the contribution of the impurities in 
the Dowex-1 fractions. A number of sugars recov- 
ered from the columns of Dowex-1 remain unidenti- 
fied (table IV). Compound Xz, moved with lactose 
on paper chromatograms. Mild acid treatment hy- 
drolyzed it to compounds which moved with glucose, 
xylose and arabinose on chromatograms. All the 
radioactivity of the compound appeared to be in its 
hexose. The fact that fructose appeared to increase 
fixation of Ny» more than the other sugars tested 
(table VI) suggests that it may be used preferen- 
tially in the nodules. This could explain its apparent 
absence in the day nodules. 

Although the results described here were con- 
firmed qualitatively between two similar experiments 
carried out at different times, there were distinct 
quantitative differences between the experiments. 
Probable inaccuracies in the methods employed in- 
clude incomplete extraction of the tissues, particu- 
larly root tissues, and incomplete separation and re- 


TABLE IV 


DistrisuTIon or C'* AMONG CARBOHYDRATES AND 
UNKNOWN NEuTRAL CoMPOUNDS FROM 
SoyseAN Roors anp Noputes 








C™ as % OF TOTAL C™ ADDED TO COLUMN 





COMPOUND OR 








FRACTION Roots ae Noputes ae 
Day NIGHT Day NIGHT 
X;* 25.1 aan 7.1 5.5 
Xe* 13.2 aris 10.6 116 
Sucrose 10.8 12.7 ta 
Glucose ** Set 24 11.4 5 8 
Fructose ** “S. 1.9 sa 45 
X; and Xs* WS sad 96 aes 
Pentose 16 0.7 1.1 0.7 
Fructose 12.1 4.0 nea 59 
Glucose 10.4 9.7 14.1 19 
Misc. *** 6.2 16 3.1 15 
Recovery, % 79.4 33.0 57.0 37.4 


Materials were separated on aii of hat’ 
borate and by paper chromatography. 

Carbohydrate concentrations were determined with 
anthrone or orcinol. 

* Xs was polymeric material remaining near the ori- 
gin of paper chromatograms; Xe apparently was a tri- 
saccharide; X; and Xs were fast moving hexoses released 
on the paper chromatograms from polymers recovered 
from the Dowex-1 column. 

** These glucose and fructose fractions were released 
on the paper chromatograms from polymers recovered 
from the Dowex-1 column, whereas the other glucose 
and fructose samples were recovered as such from the 
Dowex-1 column. 

*** Material recovered from Dowex-1 borate column 
but not in specific fractions. 





TABLE V 


EFFECT OF THE CONCENTRATION OF SUCROSE ON THE 
INCORPORATION OF N* INTO SLICED SoyBEAN 
Noputes Exposep to N:* 











Mo rar AVER. . os 
sucROsE NO.OF ATOM % ao ever hie “ 
CONCEN- SAMPLES N™ - pone (CALC) papri:) 
TRATION EXCESS 
0.000 20 0.100 0.010 ee Ris 
0.003 13 0.103 0.012 0.18 0.69 (50) 
0.005 rj 0.137 0.017 410 2.79 (1) 
0.010 20 0.135 0.013 2.15 2.02 (5) 
0.020 4 0.178 0.035 2.86 2.07 (5) 
0.030 3 0.077 0.016 131 — 1.06 (30) 
0.050 13 0.089 0.012 0.70 0.69 (50) 








* Sliced ‘suites were inet to 30 atom % N* 

cess Ne for 2 hours at 25° C. 

** The standard deviation of the mean of the grouped 
Dx” - (Ex)?/n 
[=(n-1)]n 

*** The results were calculated by the t-test (20). 
The t values from the tables are given with the percent- 
age level of confidence in parentheses for which they are 
calculated. The comparisons were between samples with 
and without sucrose. 


data is calculated from the equation d? = 


covery of sugars on columns of Dowex-1. However, 
the main cause for variability between experiments 
probably was the biological variability of the tissues 
concerned, for the material was taken from the field 
during two growing seasons. Based on these consid- 
erations, the results described here should be taken 
chiefly as a qualitative indication of the distribution 
of C14 among the various compounds and the inter- 
conversions of the compounds in these tissues. 

The demonstration of highly radioactive carbo- 
hydrates in the nodules prompted us to investigate 
their effect upon nitrogen fixation; our earlier work 
(2, 11) had revealed no compounds which increased 
fixation. Table V shows how varying the concentra- 
tions of sucrose affects the fixation of N.!® by sliced 
sovbean root nodules. Because of the variability in 
fixation between and within experiments, several sep- 
arate experiments were necessary to yield results 
which could be evaluated statistically. The results 
of each experiment were adjusted so that nodules 
from the flasks without added sucrose had 0.100 atom 
percent N!5 excess. The t-test was applied to these 
results. Only with 0.005, 0.010 or 0.020 M_ sucrose 
was the probability level at 1% or 5%; a real in- 
crease of fixation by added sucrose is unequivocal in 
these instances. 

Figure 3 depicts the effect of sucrose on the time 
course of N.'5 fixation by sliced soybean root nodules. 
The control (no added sucrose) samples taken at 120 
minutes served as reference samples and were ad- 
justed to 0.100 atom percent N15 excess. The verti- 
cal lines at each experimental point correspond to the 
standard deviation of the mean for that point, and 
the number underneath the point represents the num- 
ber of individual samples which were used in calcu- 
lating the mean. Many samples were analyzed, be- 
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cause the results were quite variable. Although there 
was only 20 to 40% confidence that the differences 
between the fixation of N»!5 with and without the 
addition of sucrose were significant, the results de- 
scribed good curves. Hence, we feel that the en- 
hancing effect of sucrose on No» fixation by the nodule 
slices is real throughout the experiment and is not due 
to a prolongation of the fixation period beyond that 
of the controls. 

Table VI summarizes the effect of three sugars on 
the fixation of Nj! by sliced nodules. All sugars 
were used at 10°? M concentration, and all exposures 
to No! were for two hours at 25°C. A preliminary 
experiment (suggested by the observations of Gauch 
and Dugger (6)) had shown that the addition of 5 
ppm boron as H3BOxs had no enhancing or inhibitory 
effect when 10°? M sucrose was used as substrate, but 
boron was added in these experiments on the chance 
that its effect might be more marked with the other 
sugars. The samples without added sugar were ad- 
justed to 0.100 atom percent N15 excess. The dif- 
ferences among the increases caused by glucose, fruc- 
tose or sucrose in the experiments of table VI were 
not statistically significant at the 95% confidence 
level. 

If the observed decrease in the fixation of Ny 
which accompanies slicing or crushing of the nodules 
is caused by the leaching out of carbohydrates, one 
would expect that the addition of these compounds to 
the sliced nodules would restore fixation to the level 
of the whole nodules. Furthermore, one might expect 
that the addition of these substances to nodules 
taken from plants which had been kept in the dark 
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Fic. 3. The effect of added sucrose on the time 
course of fixation of N2” by sliced soybean nodules. The 
sucrose concentration was 0.01 M, and all the slices were 
floated in 0.05 M phosphate buffer. They were exposed 
to an atmosphere containing 10% N.” (30 atom % N*” 
excess), 40 % O2 and 50% He. Results are adjusted to 
make the sample from the buffer control after a 2 hour 
exposure equal to 0.100 atom % N™ excess. Vertical 
lines represent standard deviations of the means, and the 
number adjacent to each point represents the number of 
determinations. 


TaBLe VI 


Errect or Appep Fructose, GLUCOSE OR SUCROSE ON THE 
FrxaTIon or N.” By Siicep SoyBEAN NODULES * 








AVER : Stp 
: :, NO.OF : — 
Treatment “TOM % “cane . mv. to fe 
oP ae N* i sm OF  (CALC.) z 
ancese ""™3 sex TABLE) 








No addition 0.100** 8 0.010 wits tetas 
0.01 M fructose 0.163 10 0.012 135 1.33 (20) 
0.01 M glucose 0.127 10 0.008 0.674 0.688 (50) 
0.01 M sucrose 0.138 10 0.013 ta este eile 





* All additions were made in 0.05 M phosphate buffer 
(pH 6.8) containing 5 ppm B as HsBOs. 

** The concentrations of N“ in the samples without 
added sugars were adjusted to 0.100 atom % N® excess. 

*** The t-test was applied to compare the fixation 
with added sucrose versus the other sugars; the percent- 
age levels of confidence for the t values are given in 
parentheses. 


would restore their fixation to a level comparable to 
that of nodules from plants which had been kept in 
the light. Neither of these postulates was verified. 
The maximum increase we observed when carbohy- 
drates were added to sliced nodules was about 60 %, 
whereas the decrease in fixation which accompanies 
slicing is usually two- to five-fold. These observa- 
tions indicate that factors in addition to the removal 
of the carbohydrates we have tested from sliced nod- 
ules must limit their rate of fixation of No. 


SUMMARY 


The root and nodule tissues of soybean plants, 
whose tops had been exposed to C14O., were examined 
for the distribution of C14 among their various or- 
ganic acids, amino acids and carbohydrates, and for 
the changes occurring in this distribution when the 
plants were allowed to metabolize the radioactive ma- 
terial during a dark period following the initial light 
period. During the day, the organic acids of the 
roots had a higher percentage of the total C' than 
did the amino acids; the reverse was true in the nod- 
ules. At night, the percentage of total C1! in the 
organic acids of the roots decreased while it increased 
markedly in the nodules. Several unidentified acids 
and sugars were found. The addition of sugars to 
sliced, excised soybean nodules increased their fixa- 
tion of N,!5. The optimal concentrations of sugar 
were in the range 0.005 to 0.02 M, and glucose, fruc- 
tose and sucrose had essentially the same enhancing 
action. The increase did not arise from a prolonga- 
tion of the period of N,. fixation but rather from a 
continuous enhancement of fixation throughout the 
exposure to N,!5. 
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THE PROPERTIES OF CYTOCHROME OXIDASE IN CHOLATE 
EXTRACTS FROM SOYBEAN ROOTS?! 


GENE W. MILLER, HAROLD J. EVANS ann EDWARD SISLER 
NortH CaroLtina State CoLLece, RALEIGH, NorTH CAROLINA 


Cytochrome oxidase preparations have been ob- 
tained from many different organisms including 
higher plants (1, 4, 21). Since cytochrome oxidase 
is firmly bound to the particulate material, fraction- 
ation and purification by usual techniques has not 
been possible. Surface active agents including sod- 
ium cholate or sodium deoxycholate have been shown 
to disperse particulate cytochrome oxidase from 
heart muscle resulting in a clear extract. Some puri- 
fication from this material has been obtained (3, 19, 
20). Smith (16) reported a 20-fold purification of 
cytochrome oxidase from a heart muscle extract by 
use of sodium cholate treatment, trypsin digestion 


1 Received October 25, 1957. 

2 Contribution from the Faculty of Botany, North 
Carolina Agricultural Experiment Station and published 
with the approval of the Director as paper No. 849. 


and then fractionation by ammonium sulfate. No 
information has been found in the published literature 
concerning the purification of cytochrome oxidase 
from higher plant sources. 

In a previous paper (11) concerning the stimula- 
tory influence of salts on the activity of particulate 
cytochrome oxidase, it was suggested that electrolytes 
may be necessary either for the transfer of electrons 
through the lipoprotein particulates or for the main- 
tenance of the particulate enzyme in the proper ori- 
entation to allow access to substrates. If these 
postulations were correct, one possibly might expect 
the salt stimulation to disappear if sufficient disper- 
sion of the particulates could be obtained by use of 
surface active agents. In this paper the properties 
of cytochrome oxidase are described in two types of 
extracts prepared from soybean root particulates by 
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use of sodium cholate. The experimental results to 
be presented show that salts failed to stimulate the 
activity of either of two cholate dispersed fractions. 
A preliminary report (12) of these findings already 
has been presented. 


MATERIALS AND METHODS 


PARTICULATE PREPARATION: Roots from soybean 
seedlings (Glycine max Merr.) grown as previously 
indicated (11) were homogenized for five minutes in 
two weights (in respect to weight of roots) of cold 
0.1 M potassium phosphate buffer at pH 7.4. The 
homogenization was accomplished by use of an Omni 
mixer (Ivan Sorvall Ine., Norwalk, Conn.) and the 
entire preparatory operation was conducted at tem- 
peratures between 0 and 4°C. The homogenate was 
strained through two thicknesses of cheesecloth (frac- 
tion I) and the liquid adjusted to pH 5.6 with cold 
1M acetic acid. The precipitate, collected by centri- 
fugation at 25,000 x G for 15 minutes, was suspended 
in a volume (equal to one fourth the original volume 
of the homogenate) of 0.1 M phosphate buffer at pH 
74. A glass Ten Broeck homogenizer was used to 
suspend the precipitate. This preparation was used 
as the particulate suspension and is referred to as 
fraction IT. 

PREPARATION OF CHOLATE Extracr: A quantity 
of a 20% solution of sodium cholate at pH 7.4 was 
mixed with the particulate suspension to make the 
final concentration 2%. The stock solution of sod- 
ium cholate in 0.1 M phosphate buffer at pH 7.4 was 
prepared from cholic acid (purchased from Fisher 
Scientific Co.) and adjusted to pH 7.4 by use of 
NaOH. In certain experiments the mixture of sod- 
ium cholate and extract was digested with trypsin 
(18) or with papain, but this treatment had no ap- 
parent effect on the fractionation procedure and 
therefore was not routinely used. 

After centrifugation of the cholate extract for 10 
minutes at 25,000xG, the sediment was discarded. 
The supernatant liquid is referred to as fraction III. 
Sufficient solid (NH4).SO4, was added to the super- 
natant to obtain a 30% saturated solution. The 
protein from this precipitation was collected by cen- 
trifugation and dissolved in a volume of 0.1 M 





K,HPOy, buffer at pH 9.0 equivalent to 20 % of the 
volume of the supernatant (this is referred to as frac- 
tion IV). A protein fraction also was collected between 
30 and 65% saturation with (NH4).SO4 and was 
dissolved in a volume of 0.1 M K,HPO, buffer at pH 
9.0 equivalent to 20% of the volume of the super- 
natant (referred to as fraction V? in table I). Both 
of the extracts precipitated by (NH4)oSO4 were ad- 
justed with NaOH to a pH of 7.4. Centrifugation 
for one hour at 25,000 G of either fraction IV or V 
resulted in no loss of activity. Centrifugation for one 
hour at an average force of 66,000 G decreased the 
activity of fraction IV to one third that of the orig- 
inal, but an equivalent centrifugation had no effect 
upon the activity of fraction V. Fraction IV was 
yellow in color and contained 9.9% cholate as de- 
termined by the method outlined by Reinhold and 
Wilson (15). The activity of this extract on a pro- 
tein basis as determined by Folin’s phenol reagent 
(8) was about twice that of the crude extract. Frac- 
tion V was colorless and contained 11.0% cholate. 
The activity of this extract on a protein basis was 
about 8 times that of the crude extract. Both ex- 
tracts were optically clear and retained their activi- 
ties for several weeks when stored at -15°C. The 
essential data of the average of three purification ex- 
periments are shown in table I. These data are typ- 
ical of many replications of the purification procedure. 

ENZYME Assay Procepures: In the standard 
cytochrome oxidase assay procedure, enzyme activ- 
ity was determined spectrophotometrically at 550 mp 
with a Beckman DU spectrophotometer (2, 11). The 
reaction mixture in a volume of 1 ml contained; 85 
micromoles of potassium phosphate buffer at pH 7.0, 
0.05 micromoles of cytochrome ¢ of 90% purity 
(prepared and assayed as previously described (2, 
11)) and a quantity of enzyme sufficient to obtain the 
desired activity. Enzyme activity in this procedure 
is indicated as the decrease in optical density at 550 
my during the 15-second interval between 10 and 25 
seconds after the enzyme was added to start the reac- 
tion. In the purification procedure (table I) it was 


3In referring to fraction V an enzyme reaction is in- 
ferred; however, it is concluded that the nature of the 
reaction has not been established. 


TABLE [ 
PuRIFICATION OF CYTOCHROME OXIDASE FROM SoyYBEAN Roots 











eras Tora 3 SPECIFIC 
FRACTION VoLUME aeet RECOVERY PROTEIN peroscnncd 
? units per 
ml units * % mg/ml mg protein 
I Crude extract 480 399 i 18 0.4 
II Acetic acid ppt. 125 199 54.2 18 08 
III Cholate extract of II 138 262 713 18 0.95 
IV 0 to 30% (NH,)2SO, ppt. of ITI 15 30 8.2 2.1 0.75 
V_ 30 to 65 % (NH,)2SO, ppt. of IIT 18 70 19.0 12 3.2 








* One unit is defined as a decrease in optical density of 1 per minute during the initial 15 second interval using 


the assay procedure described in the text. 
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necessary to compare activities of fractions exhibit- 
ing nonlinear rates with those exhibiting linear rates. 
In these experiments, therefore, the standard pro- 
cedure was used with the exception that the optical 
density change for the initial 15-second interval was 
determined instead of the change during the 10- to 
25-second interval. This determination was cor- 
rected for the optical density change resulting in 
dilution by the addition of enzyme. 

The data presented in figure 4 were obtained by 
use of the colorimetric method for determination of 
cytochrome oxidase (17) which involved the meas- 
urement of the rate of oxidation of the leuco form of 
2,3’,6-trichloroindophenol (obtained from the East- 
man Kodak Co.) at 645 mp. The oxidation of the 
reduced dye in these experiments was dependent on 
catalytic concentrations of oxidized cytochrome ec. 

The addition of crystalline catalase (kindly sup- 
plied by Dr. Sam Tove) to the various cytochrome c 
preparations failed to influence activity and there- 
fore it was concluded that hydrogen peroxide was not 
present in the cytochrome c solutions. 

Other enzymes assayed include DPNH oxidase 
which was determined spectrophotometrically by the 
rate of decrease in optical density at 340 mp (6) and 
ascorbic acid oxidase activity which was assayed by 
measurement of the decrease in optical density at 265 
my (14). 

ABSORPTION SpectRA: The difference between the 
spectra of the extracts in the reduced and oxidized 
forms was obtained by use of a Warren Spectracord. 
The enzyme was reduced by addition of sodium hy- 
drosulfite to a cuvette of 1 em light path which con- 
tained the enzyme (3). The spectrum in each ex- 
periment was recorded within 90 seconds after ad- 
dition of the reducing agent. 


RESULTS 


Kinetics or Reactions: The curves in figure 1 
illustrate the course of reactions catalyzed by frac- 
tion II (acetic acid precipitated particulates), frac- 
tion III (cholate extract of particulates) fraction IV 
(0 to 30% (NH4).SO, precipitate (ppt.) from frac- 
tion II) and fraction V (30 to 65 % (NH4)oSO, pre- 
cipitate (ppt.) of fraction III). From these curves 
it is apparent that the rates of reactions catalyzed by 
fractions II and IV were linear with time. The re- 
action rate with the crude extract (fraction I) also 
was linear; however, this data is not presented. It 
is generally reported that cytochrome oxidase reac- 
tions follow first order kinetics (2, 21) however using 
the assay system described and the particulate frac- 
tions indicated zero-order reactions were consistently 
obtained. These results are in accord with those of 
a previous report (11). The rate of the reaction cata- 
lyzed by fraction III was diphasie decreasing slightly 
in the initial phase of the reaction then remaining 
linear for the remainder of the experimental period. 
The activity of fraction V fell off rapidly with time 
and as indicated by the curve (fig 1) most of the 
reaction took place in the initial 25 seconds. When 


the logarithm of this decreasing rate was plotted 
against time the curve failed to indicate a first-order 
reaction. After 115 seconds the addition of reduced 
cytochrome ec to the reaction mixture containing 
fraction V failed to accelerate the reaction. The 
addition of enzyme to a comparable reaction after 
100 seconds, however, resulted in a marked decrease 
in optical density for the ensuing 25-second interval. 
This suggests that the fraction V preparation pre- 
sumed to be an enzyme was inactivated by some sub- 
stance and this point receives further consideration 
under studies of inhibitors. 

Figures 2 and 3 provide evidence that the initial 
velocities of the reactions catalyzed by both fraction 
IV and V were proportional to enzyme concentration. 
The reaction mixtures containing fraction V (fig 3) 
showed high activity in the first 25 seconds and 
virtual inactivation after one minute. This phenom- 
enon was observed regardless of enzyme or cyto- 
chrome c concentration. The evidence indicating the 
validity of assay used with this fraction is indicated 
in figure 3. 

Heat Lapiniry: Cytochrome oxidase in fraction IV 
(0 to 30% ppt.) was completely inactivated by ex- 
posure for one minute in a boiling water bath but 
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Fic. 1. Reaction kinetics of various cytochrome oxi- 
dase preparations. The standard assay procedure was 
used with the exception that reactions were allowed to 
proceed for the time periods indicated. The protein in 
mg added in fractions II, III, IV and V were respec- 
tively: 0.03, 0.02, 0.013 and 0.02. In the experiments in- 
volving fraction V two identical experiments were con- 
ducted for 100 seconds, however, since the curves were 
almost identical up to this point only one curve is shown. 
At 100 seconds additional enzyme (0.02 mg of fraction 
V) was added and the rising broken curve represents the 
course of the reaction. After 115 seconds in the other 
experiment involving fraction V additional cytochrome ¢ 
(0.05 micromoles) was added as indicated. When addi- 
tions were made O.D. changes were corrected for dilution. 

The multiplication factor in the ordinate of this fig- 
ure and in figures 2, 3, 4 and 5 applies to optical density 
change only. 
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Fic. 2. Reaction kinetics of fraction IV at various 
enzyme concentrations. The standard assay procedure 
was used except for the time factor. The extract con- 
tained 0.27 mg of protein per ml. 

Fic. 3. Reaction kinetics of fraction V at various 
enzyme concentrations. The standard assay procedure 
was used except for the time factor. The extract con- 
tained 0.30 mg of protein per ml. 


the activity of fraction V decreased only 40 % under 
the same experimental conditions. Fraction V (30 to 
65 % ppt.) however was inactivated by an exposure 
for five minutes in a boiling water bath. As previ- 
ously indicated fraction III (figure 1) catalyzed a 
diphasie reaction. Since fractions IV and V were de- 
rived from fraction III (cholate extract of precipi- 
tated particulates) it was of interest to determine the 
heat lability of the latter. After exposure of frac- 
tion III to boiling water for one minute a reaction 


Was catalyzed at a rate very similar to that indicated 
for fraction V in figure 1. This information indicates 
that two different factors were involved in the di- 
phasic reaction catalyzed by fraction III. Fractions 
IV and V must then represent the two factors. 

INHIBITORS: Experiments (fig 1) indicated that 
the cytochrome oxidizing factor in fraction V was in- 
activated by some substance and pointed to the cyto- 
chrome ¢ preparation as the source of the inhibitor. 
Preincubation of fraction V with different concentra- 
tions of oxidized cytochrome ¢ for various periods of 
time showed that the degree of inhibition was corre- 
lated with both of these variables (table II). Pre- 
incubation of the enzyme for five minutes with the 
cytochrome ¢ concentrations ranging between 1.2 x 
10° and 5x10°M resulted in complete inactiva- 
tion in every case. The activity of fraction IV, on 
the other hand, was not appreciably affected by pre- 
incubation with oxidized cytochrome ec at the various 
concentrations tested. 

Since there was a possibility that the cytochrome 
¢ preparation contained some inhibitor, solutions of 
cytochrome ec were prepared by reducing with either 
hydrogen and platinized asbestos or sodium hydro- 
sulfite and these were dialyzed for 12 hours against 
three liters 0.05 M phosphate buffer at pH 7.0. As- 
says containing the dialyzed reduced cytochrome so- 
lutions still exhibited the characteristic inactivation 
when fraction V was utilized as the oxidizing factor 
but no inactivation was observed when fraction IV 
was utilized. The substitution in the assay medium 
of reduced cytochrome ec prepared from pyrogen 
free cytochrome ce (Sigma Chemical Co., St. Louis) 
resulted in the characteristic sharp decrease in ac- 
tivity after the initial 25 seconds. Several different 
preparations of both horse heart and beef heart 


TABLE II 


Errect oF OxipIzED CYTOCHROME C ON THE ACTIVITY OF 
DisPersep CyTOCHROME OXIDASE FROM 
SoyBEAN Roots 








PREINCUBATION TIME 
CoNCENTRATION WITH CYTOCHROME C 
OF OXIDIZED (MINUTES) 
CYTOCHROME C Be 
0 1 3 5 


EXTRACT 





Mu Change in O.D.in 15 

‘ seconds at 650 mu 
Fraction IV 0.0 0.019 0.024 0.022 0.022 
Fraction V 0.0 0.072 0.071 0.069 0.071 
Fraction IV 1210" 0.019 0.020 0.022 0.020 
Fraction V 12x 10° 0.063 0.025 0.020 0.000 
Fraction IV 2.5 x 10° 0.020 0.020 0.021 0.021 
Fraction V 2.5 x 10° 0.045 0.020 0.005 0.000 


Fraction IV 
Fraction V 


5.0 x 10° 0.020 0.022 0.020 0.019 
5.0 x 10° 0.038 0.015 0.000 0.000 





The standard assay procedure was used. Fraction IV 
contained 0.08 mg and fraction V 0.02 mg of protein. 

Fraction IV was prepared by 0 to 30% (NH1):S0, 
precipitation and fraction V by 30 to 65% (NH,.)2SO. 
precipitation. 
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cytochrome c from commercial sources were tested 
with the fraction V preparation and all behaved in a 
similar manner. This information suggests therefore 
that oxidized cytochrome ¢ or an impurity in it in- 
hibited the oxidation. 

The possibility that the oxidizing factor was in- 
activated by the reduced form of cytochrome c as 
well as the oxidized form was investigated by using 
the leuco dye method outlined by Smith and Stotz 
(17). Fractions IV and V were found to actively 
catalyze the oxidation of reduced 2,3’,6-trichloroin- 
dophenol, ascorbate, and DPNH in the absence of 
cytochrome c. After treatment of fractions IV and 
V for one minute in a boiling water bath both ex- 
tracts failed to catalyze the direct oxidation of ascor- 
bate, DPNH, and leuco dye. Addition of cytochrome 
c to an assay medium containing leuco dye and the 
heat treated fraction V resulted in oxidation of the 
leuco dye. This cytochrome dependent leuco dye 
oxidation by fraction V was inhibited by the same 
compounds that were inhibitory to this preparation 
when measured by the standard procedure (table 
III). This cytochrome dependent leuco dye oxida- 
tion was not manifested with fraction IV extracts 
that had been exposed to boiling water. Catalytic 
concentrations of cytochrome c, however, increased 
the rate of leuco dye oxidation using the unboiled 
fraction IV. The rate of oxidation of leuco dye by 
the heat treated fraction V preparation decreased 


TABLE III 


INHIBITION OF DISPERSED CYTOCHROME OXIDASE 
BY Various CoMPoUNDS 














INHIBITION 
INHIBITOR CONCENTRATION 
Fraction IV Fraction V 

% %o 
NaNs 10° M 78 0 
NaNs 10° M 97 7 
KCN 10° M 89 1 
KCN 10° M 92 33 
CO (dark)* 19 tol 62 oe 
CO (light) * 19 to 1 25 ie 
Antimycin A 5.5x10°M 0 35 
Antimycin A 9.1x10°M 3 52 





* Manometric assay utilized. All other tests involved 
the use of the standard spectrophotometric assay. 

In all reaction mixtures except those involving CO 
the standard assay procedure was used after the enzyme 
in buffer was preincubated for 1 minute with the inhibi- 
tors indicated. These reaction mixtures contained 0.02 
mg of protein from fraction IV and 0.01 mg of protein 
from fraction V. 

For the determination of CO inhibition the proce- 
dure of Webster (21) was used with the exception that 
75 micromoles of ascorbic acid was added to each flask 
instead of hydroquinone. In these experiments 2 mg of 
protein from fraction IV and 1.3 mg of protein from 
fraction V was included in the assays. Manometrie 
assays were corrected for the oxidation in absence of 
added cytochrome c. Fraction IV was prepared by 0 to 
30 % (NH,)2SO, precipitation and fraction V by 30 to 
65 % (NH,)2SO, precipitation. 
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Fic. 4. (Major graph) Cytochrome oxidase activity 


at various concentrations of cytochrome c using the 
leuco dye method for assay. The assay medium in a 
final volume of 1 ml contained the following in micro- 
moles: 0.5 of leuco dye; 50 of phosphate buffer at pH 
7.0; and the concentrations of cytochrome ec as indi- 
cated. The fraction V extract added to reaction mix- 
tures was heated for one minute in a boiling water bath 
and contained 0.03 mg protein. Cytochrome oxidase 
activity was determined by the change in O.D. at 645 
my in the 15-second interval between 10 and 25 seconds. 

(Inset) Time course of the reaction using the leuco 
dye method for assay. The assay medium in a final vol- 
ume of 1 ml contained the following in micromoles: 0.5 
of leuco dye; 50 of phosphate buffer at pH 7.0; and 
0.005 of cytochrome c. The amount and kind of extract 
added was identical to that indicated for the major 
graph of figure 4. 


sharply with time (inset in fig 4). This curve is very 
similar to that indicated in figure 2 where reduced 
cytochrome c oxidation as catalyzed by fraction V 
was measured directly. The effect of various concen- 
trations of cytochrome ¢ on the enzyme activity 
measured by the leuco dye method is presented in 
the major graph of figure 4. Since there were con- 
siderably greater concentrations of leuco dye than 
cytochrome c in all reaction mixtures and since leuco 
dye and cytochrome ec were mixed together before the 
enzyme was added, the reduced dye maintained the 
cytochrome c in the reduced state throughout the ex- 
perimental period. Using this assay method, a con- 
centration of 5x10-°M cytochrome c resulted in 
the highest enzyme activity. Since higher concentra- 
tions of cytochrome ec resulted in decreased enzyme 
activity, it seems probable that reduced as well as oxi- 
dized cytochrome e¢ inhibited oxidation by fraction 
V. The possibility that the cytochrome ec preparation 
contained an inhibitor as a contaminant, however, has 
not been ruled out. 

Smith (16) reported that high concentrations of 
cholate inhibited cytochrome oxidase from animal 
sources. In an effort to determine whether the ob- 


served differences in the rates of reactions catalyzed 
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by fractions IV (0 to 30% (NH4).SO4 ppt.) and V 
(30 10 65 % (NH4).SO,4 ppt.) preparations were due 
to differential inhibition of the two fractions by cho- 
late, samples of both fractions were dialyzed for 14 
hours against each of the following cold solutions: 3 
liters of 0.1M phosphate buffer at pH 7.0; 3 liters 
of 0.02 M TRIS buffer at pH 7.0; and 3 liters of 0.1 
M sucrose. Assays’ of the extracts after dialysis in- 
dicated that each contained concentrations of cholate 
of approximately 0.06%. After the dialyses both 
extracts were assayed for cytochrome oxidase activ- 
ity by the standard procedure. Fraction IV samples 
still catalyzed the oxidation of reduced cytochrome ¢ 
at linear rates and fraction V extracts resulted in cy- 
tochrome ¢ oxidation at the characteristic curvilinear 
rates. Extracts dialyzed against 13% (NH4).SO, 
solutions (18) behaved in a manner similar to those 
dialyzed against the buffer or sucrose solutions. The 
effect of Antimycin A, KCN and NaNs3 on cytochrome 
oxidase activity of fractions IV and V is shown in 
table III. Antimycin A had no effect upon fraction 
IV reactions but at low concentrations inhibited 
fraction V reactions markedly. KCN at 103M al- 
most completely inhibited activity of fraction IV. 
Oxidation by fraction V was insensitive to 10° M 
KCN and was inhibited only 33 % at 107 M KCN. 
Using the manometric assay it was demonstrated that 
fraction IV was inhibited by a 19 to 1 mixture of CO 
and oxygen and that the inhibition was markedly 
reversed by light. Since the reaction resulting from 
the fraction V preparation did not continue for pe- 
riods greater than one minute, oxygen uptake by this 
fraction could not be demonstrated. It was shown by 
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Fic. 5. Effect of various concentrations of KCl on 


cytochrome oxidase activity of cholate extracts from 
soybean roots. The procedure was that of the standard 
assay with variations in concentration of KCl as indi- 
cated. The quantities of protein in mg added to assays 
indicated by curves 1, 2, 3, and 4 are respectively: 0.04, 
0.04, 0.025 and 0.05. Extracts used in reactions indicated 
by curves 1 and 2 were dialyzed for 14 hours against 3 
liters of 0.02 M TRIS buffer at pH 7.4. 
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Fic. 6. Difference spectra (reduced minus oxidized) 
of cholate extracts from soybean roots. Fractions IV 
and V were prepared as indicated in Materials and 
Methods. To obtain the reduced minus oxidized differ- 
ence spectra, sodium hydrosulfite was added to one 
cuvette and the spectra plotted within 90 seconds by use 
of a Warren Spectracord. Fractions IV and V contained 
1.6 and 2.0 mg protein respectively. 


use of a cuvette with a Thunberg attachment that a 
19 to 1 CO-O. mixture did not inhibit the oxidation 
of reduced cytochrome ¢ when fraction V was uti- 
lized as the enzyme. To date no oxygen requirement 
has been demonstrated for the reaction involving the 
fraction V preparation by use of a cuvette with a 
Thunberg attachment. Since the technique used was 
adequate for the demonstration of an oxygen require- 
ment for cytochrome oxidase from other sources the 
question of involvement of oxygen in the fraction V 
reaction remains open. 

Errect oF KCi on Enzyme Activity: The ac- 
tivity of particulate cytochrome oxidase was mark- 
edly stimulated by salts as previously reported (11). 
The addition of KCl to assays containing either frac- 
tions IV (0 to 30% (NH4).SO,4 ppt.) or V (30 to 
65 % (NH 4).SO4 ppt.) failed to stimulate the ac- 
tivity. In order to remove salts from the prepara- 
tions both fractions IV and V were dialyzed over- 
night against three liters of a solution of 0.1 M su- 
crose or an equal volume of a solution of 0.02 M 
TRIS buffer, pH 7.4 The cholate content was ap- 
proximately 0.04% after dialysis against sucrose. 
The cholate content of fraction V after dialysis 
against TRIS buffer was approximately 0.07 % and 
approximately 0.09% in that dialyzed against su- 
crose. Sodium introduced into the reaction mixture 
was less than 2x 10-3 M. Assay mixtures containing 
the dialyzed extracts showed no enzyme activation as 
a result of the addition of KCl at final concentra- 
tions ranging up to 0.2M (fig 5). Both dispersed 


fractions, however, were inhibited by NaHCO, as 
previously reported for particulate preparations (10). 

Spectra: Difference spectra of fractions IV and V 
in the range 400 to 620 my are shown in figure 6. 
The spectra were plotted with the oxidized pigments 
in the reference cuvette and dithionite reduced pig- 
Peaks were observed in 


ments in the 2nd cuvette. 
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the difference spectrum of fraction IV near 428, 527, 
557 and 602 my. A peak at 426 mp was evident for 
fraction V. Certain other preparations of fraction V 
exhibited additional peaks around 560 and 600 my, 
but the magnitudes of these peaks were much less 
than those observed with fraction IV. The difference 
spectrum of fraction III was similar to that of frae- 
tion IV. The oxidized extracts of all fractions ab- 
sorbed strongly near 413 muy. 


DIscuUsSION 


The purification of particulate cytochrome oxidase 
from soybean roots has been attempted in an effort 
to provide evidence of the mechanism of action spe- 
cifically with reference to the mechanism whereby 
salts stimulate the enzyme activity in particulate ex- 
tracts. Two dispersed fractions containing cyto- 
chrome oxidizing factors were prepared by use of 
sodium cholate. 

The Ist preparation was obtained by precipita- 
tion of a protein fraction from the extracts of cholate 
treated particulates by adding (NH4).SO,4 until the 
solution was 30% saturated. The fraction possessed 
all the major characteristics which have been estab- 
lished for classical cytochrome oxidase (5, 7). The 
activity of this preparation was strongly inhibited by 
both KCN and NaNg and CO inhibition in the dark 
was reversed by light in manometric assays. Initial 
rates of the reactions catalyzed by this fraction ap- 
proached linearity, an observation which is consistent 
with a previous report (11) with similar material. 
These results, however, are not in agreement with 
those obtained with the enzyme prepared from ani- 
mal sources (18). Our assay system contained about 
three times the concentration of reduced cytochrome 
ce used by other workers (2) and this may be an im- 
portant factor contributing to the observed kinetics. 
A difference spectrum of the fraction IV (0 to 30% 
(NH4).SO,4 ppt.) preparation revealed evidence of 
reduced absorption bands characteristic of cyto- 
chrome oxidase and also evidence that cytochrome 
pigments other than the oxidase were contained in 
this extract. It seems clear that this preparation 
contained the classical cytochrome oxidase system. 
The extent of purification of the enzyme in the frac- 
tion was too small to be of appreciable significance. 

The 2nd preparation referred to as fraction V and 
prepared by increasing the (NH4).SO4 concentration 
from 30 to 65% saturation in a cholate extract of 
particulates behaved differently than that of fraction 
IV. Activity was not appreciably inhibited by KCN, 
NaNgz or CO. It was inhibited, however, by a very 
low concentration of Antimycin A, a compound that 
had no effect on the fraction IV extract. It is well 
known (6, 13) that this antibiotic inhibits the step 
between cytochromes b and c, however, no similar 
inhibition between cytochrome c and oxygen has been 
reported. The difference spectrum of fraction V re- 
vealed no clear cut evidence of cytochrome bands 
with the exception of that near 426 my. Further 


purification will be necessary before the significance 


of this can be evaluated. Since reactions involving 
this extract ceased in a period usually less than «ne 
minute and since additional reduced cytochrom: ¢ 
failed to renew the oxidation (fig 1) the question of 
whether or not an enzyme was involved in the reac- 
tion is obviously presented. It was demonstrated 
that the oxidizing factor was non-dialyzable, labile 
to boiling for five minutes and required cytochrome 
c for the oxidation of reduced 2,3’,6-trichloroindophe- 
nol. Evidence is presented indicating that fraction 
V oxidation was inhibited by both oxidized and re- 
duced cytochrome ec. Smith and Conrad (18) have 
made similar observations with preparations from 
heart muscle. These properties certainly would not 
be expected if a non-enzymatic oxidation were in- 
volved. Since all efforts to demonstrate an oxygen 
requirement for the fraction V oxidation have failed, 
obviously the exact nature of the reaction remains for 
future investigation. It seems probable that the 
fraction V preparation represents some fragment of 
an electron transport system that has some pecul- 
iarly high affinity for cytochrome c. The possibility 
of preparatory procedures creating a fragment of a 
particle with an affinity for cytochrome ec seems rea- 
sonable. It will be necessary to test the inhibition of 
the fraction V activity by highly purified cytochrome 
¢ preparations before it can be concluded with cer- 
tainty that cytochrome ¢ per se and not a contami- 
nent is responsible for the inhibition. 

It is of interest to consider that the cytochrome 
oxidase activity in particulate preparations is strik- 
ingly stimulated by salts but no such stimulation is 
observed with the cholate dispersed preparations. 
It would be logical to expect that sodium cholate 
would serve as a non-specific salt activator. Reac- 
tion mixtures including the dialyzed extracts con- 
taining approximately 2x10-°M_ with respect to 
sodium cholate and 0.025 M with respect to TRIS 
chloride were not stimulated by the addition of KCI 
at concentrations ranging between 0.05 and 0.2 M. 
On the basis of previous studies (11) of the influence 
of salts on cytochrome oxidase activity in particu- 
lates, the combined sodium cholate and TRIS chlor- 
ide concentrations in reactions involving the dispersed 
fractions would not have been sufficient for an ap- 
preciable salt stimulation. It seems possible that the 
stimulatory influence of salts on particulate cyto- 
chrome oxidase is manifested as a result of some 
physical effect on the enzyme that improves the ac- 
cessibility of it to substrates and that the surface ac- 
tive properties associated with cholate salts make 
them highly effective in small concentrations. The 
possibility that an electrolyte may be required in the 
flow of electrons from one reactant to another in 
some structural unit of cells already has been dis- 
cussed by Lundegardh (9) and briefly considered by 
Miller and Evans (11). From this viewpoint, it 
would seem logical that the destruction of the nor- 
mal physical orientation within particulates by use 
of dispersing agents might allow direct interaction of 
reactants and therefore electron flow without a rela- 
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tively high electrolyte concentration. Apparently 
there is some specific effect of cholate salts not char- 
acieristie of other dispersing agents since Sisler (in 
preparation) has prepared by use of digitonin op- 
tically clear extracts of tobacco root particulates 
which contain cytochrome oxidase that is markedly 
stimulated by salts. 


SUMMARY 


A dispersed preparation of cytochrome oxidase 
has been prepared by adding sodium cholate to par- 
ticulates isolated from roots of soybean seedlings. By 
use of (NH 4)oSO4 the dispersed extract was frac- 
tionated into two parts. The addition of either frac- 
tion to a solution containing reduced cytochrome c 
resulted in rapid oxidation. The properties of the 
two fractions however differed greatly. 

One fraction, which was obtained by 30 % satura- 
tion of the dispersed extract with (NH4).SO4, cata- 
lyzed reduced cytochrome ¢ oxidation at a linear 
rate for a short period of time and exhibited all the 
well known properties of cytochrome oxidase that 
have been described for the enzyme from various 
sources. 

The 2nd fraction, obtained by increasing the 
(NH4)SOqg saturation in the dispersed extract to 
65 %, caused an oxidation of reduced cytochrome c¢ 
at a curvilinear rate, then the reaction quickly 
ceased. The evidence presented indicates that oxi- 
dized cytochrome ¢ or a contaminate in this prepa- 
ration inhibited the oxidation and therefore is re- 
sponsible for the inactivation. Also the activity of 
the 2nd fraction was strongly inhibited by Antimycin 
A but was not appreciably inhibited by NaN, or CO. 
These properties are in direct contrast to those ex- 
hibited by the 0 to 30% (NH,4).SO,4 precipitated 
fraction. The 0 to 30% (NH4) SO, fraction cata- 
lyzed the uptake of oxygen; however, all efforts to 
demonstrate an oxygen requirement for the 30 to 
65% (NH4)oSO,4 fraction have failed. 

Samples of the dispersed extracts were subjected 
to dialysis and afterward assayed for activities with 
and without added KCl. Concentrations of KCl that 
markedly stimulated the activity of particulate pre- 
parations had no appreciable effect on the dispersed 
fractions. ; 

The results are discussed with respect to the prop- 
erties of the two fractions and to the mechanism 
whereby salts activate particulate preparations and 
fail to activate cholate dispersed preparations. 


The authors gratefully acknowledge the technical 
assistance of Mrs. Thea Schostag. 
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of seeds (4), shoots (1), and other plant parts (2, 5, i. 
9). In potato, Solanum tuberosum, a condition of 
physiological rest prevails from the time of tuber ini- 
tiation until 6 to 12 weeks after harvest depending on " 
varietal characteristics (3). The rest period has been = 
markedly curtailed by immersing freshly harvested 
potato tubers in gibberellin (9, 10). This effect, | 3. 
se coupled with the rapid stimulation of growth of var- 
ious plants by gibberellin (6), suggested that pre- 
harvest foliar sprays of this chemical might shorten 4. 
the rest period of the immature, developing tubers. 
Results of the experiments described herein indicate 
that gibberellin initiates the sprouting process of the 5. 
tubers on the plant when sprouting is least likely; 
they suggest further (7, 12) that gibberellin moves 
systemically in plants. 6 
In a preliminary study (5) gibberellin applied as 
a foliar spray induced earlier sprouting of the subse- 
quently harvested tubers. In a more detailed experi- 
ment, a spring crop of White Rose potatoes was Fic. 1. The stimulation of sprouting and subse:,uent 
grown in a split plot design with three replications secondary tuber growth on potato tubers from plants 
of 20 plants per plot. The plants were sprayed to sprayed 4 weeks before harvest with a solution contain- 
run-off four weeks, two weeks, or one week before ing 500 mg/! of gibberellin. (Photographed at harvest.) 
harvest with solutions containing 0, 10, 50, 100, and 
500 mg/l of gibberellin. At harvest, 111 days after planting, examination of all the resulting tubers re- 
vealed that gibberellin applied to the foliage as late 
TABLE [ as two weeks before harvest markedly stimulated 
Pencentace * op Spaourep Tusens ar Haavesr yaom sprouting (table I). This effect was most pronounced 
Prants Wuicn ReceIvep Pre-HArvestT Fortar with the earlier applications and the higher concentra- 
Sprays oF GIBBERELLIN ** tions. In contrast, tubers from the untreated plants 
oe showed little or no sprouting activity at harvest. Of 
WEEKS BEFORE HARVEST the tubers from plants which received sprays con- | 
GIBBERELLIN MG/L a en - a taining more than 10 mg/l of gibberellin four and 7 
: sie ib tee two weeks before harvest, some produced secondary grow 
(%) (%) (%) tubers sessile to the main tubers or terminally on of pl 
0 0.0 14 02 elongated sprouts (fig 1), others produced barely ions 
10 3.0 15 15 visible to prominent sprouts without secondary tu- I 
50 58.3 18.0 0.4 bers, and the remaining tubers showed no sprouting most 
100 756 343 2.1 pears oo 
500 83.6 50.0 58 activity. ve 
¥ Pre-harvest chemical sprays have _ inhibited glow: 
a 5 % 1 %e sprouting (13), but the induction of sprouting in de- | Must 
L.S.D. for time of application 63 NS. veloping tubers by foliar-applied chemicals is un- influ 
LS.D. for concentrations 10.7 102 cath What ciliate tn diniie Oe a Cellu 
LSD. for interaction NS. NS. usual. at gibberellin is effective may be especially 
SED PS SEE AN SE sabi ees ES significant, since gibberellin-like substances occur in and 
*For statistical analysis original percentages were higher plants (8) and since gibberellin may be related deter 
transformed to angles by using the formula: to several important physiological processes (11). leaf 
Angle = Are Sin / percentage. The acceleration of sprouting by foliar sprays in 1] 
** Average of three replications. this experiment was comparable to that obtained by 2] 
: immersing whole or cut tubers in gibberellin after Wire 
1 Received November 12, 1957. harvest (9). The appearance of sprouts and sec- | in pa 
2 Supported in part by a grant from Merck & Co., a abe jig? PANE ier FS 3 | 
Inc., Rahway, New Jersey. ondary growth shortly after foliar-spray application: va 
3 The potassium salt of gibberellic acid was supplied (table I) implies that gibberellin is translocated down- i. 
by Merck & Co., Inc., Rahway, New Jersey. ward in potato plants. _ 
132 
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LIPPERT ET AL—INDUCTION OF SPROUTING BY GIBBERELLIN 


SUMMARY 


Foliar applications of gibberellin four weeks, two 
weeks, or one week before harvest resulted in visible 
sprouting on developing potato tubers. This sug- 
gested the rapid translocation of gibberellin in po- 
tato plants. 
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EFFECTS OF CHLORIDE AND SULFATE IONS ON THE GROWTH, 
LEAF BURN, COMPOSITION AND ANATOMICAL STRUCTURE 
OF TOBACCO (NICOTIANA TABACUM L.) ?? 


WALTER F. WEDIN 3 ano B. ESTHER STRUCKMEYER 
DEPARTMENT OF HorTICULTURE, UNIVERSITY OF WISCONSIN, MApDISON 6, WISCONSIN 


The effects of chloride and sulfate ions on the 
growth, composition, quality and anatomical structure 
of plants are in need of clearer definition. Both an- 
ions are available in relative abundance to plants. 

In addition to the growth and quality factors in 
most economic plants, the property of leaf burn in 
tobacco is very important. Satisfactory leaf burn, 
glowing capacity, or combustibility in cured tobacco 
must imply the ability to burn with a glow, thereby 
influencing aroma, flavor and character of the ash. 
Cellular structure has a bearing on texture, elasticity 
and other physical characteristics of the leaf which 
determine the general quality. Composition of the 
leaf influences the burn. It appears, therefore, that 


1 Received revised manuscript November 14, 1957. 

2 Published with the approval of the Director of the 
Wisconsin Agricultural Experiment Station. Supported 
in part by Tobacco Industry and Cooperatives. 

3 Present address: Department of Agronomy and 
Plant Genetics, University of Minnesota, St. Paul, Min- 
nhesota. 


the leaf anatomy might also be related to the burn. 
Data presented elaborate on these varied effects. 

Plant responses to Cl and SO, levels of supply 
have been subject to considerable study. Chlorine 
has been shown by Broyer (4) to be an essential ele- 
ment for plant growth. Beneficial effects on yield 
and quality of tobacco from moderate applications of 
Cl were reported by Garner et al (6). Many workers 
(2, 6, 13, 18) have found retardation in leaf burn due 
to Cl. The amount of Cl absorbed by tobacco is sub- 
stantial (18). 

Sulfur, known to be an essential element, was 
shown to benefit plant growth at lower levels of sup- 
ply by Eaton (5). He also described the effects of 
excess SO, ion concentration and the wide variability 
in plant tolerances to these excesses. High applica- 
tions of SO4 have lowered leaf burn of tobacco (18, 
19) but relative uptake of SO, was not as pronounced 
as Cl (14, 19). 

The relation between anatomical structure and 
leaf burn of tobacco has not been defined. Behrens 
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Fias. 1 to 11. Plants grown with complete, low SO, and low Cl nutrient solutions. Transverse sections of 6th 
internode from base of stem and leaves directly above 6th internode of tobacco 90 days after treatment. 

Fic. 1. Left, complete nutrient solution; center, low SO.; right, low Cl. Fic. 2. Stem from plant grown with 
complete nutrient solution. x80. Fic. 3. Stem from plant grown with low SQ,. Less secondary vascular differen- 
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(3) stated that small, thick leaves with firm textures 
burned poorly. Johnson et al (13) found that poor 
burning leaves contained more of the heavier mate- 
rials than did good burning leaves. However, they 
stated that structural relationships were difficult to 
separate from chemical relationships which could defi- 
nitely influence leaf burn. 


MATERIALS AND METHODS 


Tobacco (Nicotiana tabacum L.) of a cigar binder 
variety, Havana 307 was grown in quartz sand cul- 
tures at several levels of Cl and SO, ions in 1955 and 
1956. Seeds were germinated in quartz sand and 
kept moist successively with distilled water, one 
fourth strength nutrient solution, one half strength 
nutrient solution and finally full strength nutrient so- 
lution when transplanted into large crocks with 
drains. Crocks with the various treatments were 
replicated on the greenhouse bench in a randomized 
complete block design. 

Nutrient solutions prepared from distilled water 
and reagent grade salts varied in concentration. 
Composition of the nutrient solutions is shown in 
table I. The highest level of each ion was tested only 
in 1956. The basic solutions used were made up as 
described by Hoagland and Arnon (12) modified by 
the addition of NaCl and Na,SO, to provide for the 
Cl and SO, ion levels. No special effort was made 
to exclude Cl and SO, ions completely, although a 
low level of each in the order of 1 ppm or less was 
maintained. Potassium levels were doubled in the 
1956 tests to determine if the additional K would off- 
set the Cl and SO, ion effect of lowering leaf burn. 
The plants received equal volumes of nutrient solu- 
tion and distilled water on alternate days. Iron phos- 
phate solution of 0.0005 % strength was supplied to 
the plants each week. The quartz sand in the crocks 
was leached weekly to prevent the accumulation of 
specifie cations or anions in the crocks. 

Leaf length measurements were taken on all leaves 
at 98 days of age in the 1955 studies and 112 days in 
the 1956 studies. The terminal growth of the plants 
(topping) was removed to a uniform size top leaf at 
99 days of age in 1955. In 1956, plants were topped 
at 117 days of age. Leaf weights were recorded at 
the time of harvest for all leaves of each plant. The 
leaves were cured at room temperature and relative 
humidity of 35 to 40 % for 8 weeks. 

Leaf burn tests were made séinodinn to the 
method described by Johnson et al (13). The average 
burn values presented represent a total of 6 ignitions 
for every leaf of the plant. Chemical determination 
of Cl was made according to the method described by 
Myrhre et al (18) and SO, was determined accord- 
ing to the A.O.A.C. (1) method. 
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TABLE I 


CoMPoOs:TIGN OF NUTRIENT SOLUTIONS IN PPM IN 1956 











Tres ATMENT Cl SO, N* Na 
C l socks 
Low 1 192 280 1 
35 ppm 35 192 280 23 
70 ppm 70 192 280 46 
140 ppm 140 192 280 92 
280 ppm 280 192 280 184 
SO, levels 
Low 1 1 336 1 
48 ppm 1 48 336 12 
96 ppm 1 96 336 23 
192 ppm 1 192 336 46 
384 ppm 1 384 336 92 
1 192 336 1 


Complete 


Other major nutrients: K 234 ppm (1955), 429 (1956) ; 
P 31 ppm, Ca 200 ppm, Mg 49 ppm. 

Minor elements: B 0.5 ppm, Mn 0.5 ppm, Zn 0.05 
ppm, Cu 0.02 ppm, Mo 0.01 ppm, and Fe 1 ppm. 

*N level 210 ppm (1955) in chlorine series and 266 
ppm in SQ, series. 


In 1955, the 6th internode from the base of the 
plant and the leaf directly above this internode were 
sampled for anatomical examination 90 days after the 
start of the treatments. The samples were fixed in 
formalin aceto-aleohol and dehydrated with n-butyl 
aleohol. After the usual procedure of embedding, 
sections 10 » in thickness were cut on a rotary micro- 
tome. The sections were stained with safranin O and 
fast green FCF. 

RESULTS 

GrowTH: Plants grown with low SO, displayed 
characteristic sulfur deficiency symptoms; this being 
a lighter color in the young leaves and curling under 
of leaf tips as described earlier by McMurtrey (17). 
Plants from the 1955 studies at 100 days of age are 
shown in figure 1. Statistical analyses of the leaf 
length measurements revealed highly significant re- 
ductions in size due to the low SO, treatment in both 
years. The average measurements of all treatments 
are presented in figure 12. 

Leaf weight recorded at harvest time in 1955 and 
1956 tests are also presented in figure 12. The only 
treatment which caused a significant difference in leaf 
weight was the low SO, treatment. 

Lear Burn: Leaf burn values of tobacco grown at 
the several levels of Cl and SO, ion in 1955 and 1956 
are presented in figure 12. The burn was not altered 
significantly by treatment in 1955. Differences among 
leaf burn values were highly significant in the 1956 
studies. Treatments causing the significant differences 
were the Cl levels of 35 ppm, 140 ppm, and 280 ppm. 
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grown with low Cl. Similar to plants grown with com- 


x80. Fic. 5. Cambial region, phloem and cortical cells of stem grown with complete nutri- 
ent solution. x 340. Fic. 6. Cambial region, phloem and cortical cells of stem grown with low SQ,. 
Fic. 7. Leaf from plant grown with complete nutrient solution. 
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Leaf from plant grown with 140 ppm Cl. 
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TABLE II 


AVERAGE Cl AND SO, PercENTAGES (OVEN DRY BASIS) OF 
Topacco LEAVES WHEN GROWN AT VARIOUS 
NvuTRIENT LEVELS 














TREATMENT Cl SO, 
1955 1956 1955 1956 
Cl levels 
Low 0.12 0.12 1.93 
35 ppm 0.83 0.85 tens 1.64 
70 ppm 1.53 1.27 tke 1.58 
140 ppm 2.86 2.33 bike 1.66 
280 ppm Ae 2.94 1.30 
SO, levels 
Low en 0.29 0.32 0.32 
48 ppm Sal 0.17 1.11 0.90 
96 ppm oe 0.14 141 1.16 
192 ppm ape 0.17 1.66 139 
384 ppm mare 0.15 nicks 1.60 
Complete re 0.12 2.40 1.42 





Cui AND SO, ConTENTs oF Leaves: The percen- 
tages of Cl and SO, in leaves of tobacco grown in 
quartz sand culture are presented in table II. Com- 
plete analyses were not made in 1955 at all levels. 
However, the 1956 averages represent all treatments 
of Cl and SO, ion levels. Chlorine percentages in 
the tissue increased as the Cl ion nutrient level in- 
creased and decreased as the SO, ion nutrient level 
increased. Sulfate percentages in the leaves were in- 
creased due to increasing SO, ion concentration in 
the medium and decreases in leaf SO, resulted at the 
high Cl ion levels. The Cl percentage for tobacco 
grown with the complete nutrient solution was 0.12 %, 
the lowest leaf Cl value found excepting the low Cl 
treatment. Sulfate percentage for tobacco grown 
with the complete nutrient treatment (192 ppm SO,) 
was 1.42 corresponding closely to the SO, percentage 
at the 192 ppm level in 1956. In the 1955 studies the 
SO, percentage of tobacco grown in the complete so- 
lution was higher and is unexplained on the basis of 
data available. 

ANATOMY OF THE STEM AND LeaF: In 1955, sam- 
ples taken from plants treated with low, 48, 96, and 
192 ppm SO, and low, 35, 70 and 140 ppm Cl were 
examined. The 6th internode of plants grown with 
the complete nutrient solution (192 ppm SO,) had an 
average diameter of 20.53 mm. Much of the tissue, 
including the interfascicular region, was composed of 
secondary vascular cells consisting of tracheids, xylem 
parenchyma and xylem vessels. An active cambium 
composed of 5 to 6 layers of cells was prominent. 
Phloem fibers had differentiated from both external 
and internal phloem. The cortical and pith cells 
were large and somewhat elongated in the tangential 
plane (fig 2, 5). 

Stems of plants grown at low SO, had approxi- 
mately half as much (11.97 mm in diameter) vascu- 
lar tissue and smaller cell size when compared to the 
control. The xylem tissue was composed primarily 
of xylem vessels and some xylem parenchyma and the 
reduction in thickness of cell walls was striking. The 
epidermal, cortical and pith cells were smaller and 
rounder in shape than the controls. Three layers of 


cells comprised the cambium; phloem cells were 
smaller and phloem fibers failed to differentiate. Al- 
though there were no conspicuous areas of necrotic 
tissue, cells of the internal phloem and adjacent cells 
were sometimes misshapen and obliterated (fig 3, 6). 
Stems of plants grown with 48 ppm SO, continued to 
show a reduction in the amount of tissues, however, a 
trend toward a more normal cell structure was ap- 
parent. Cell size and shape was comparable to that 
of tobacco grown in the complete solution. With 96 
ppm SO,, little difference in anatomical structure 
could be observed from the complete. In 1956, plants 
were grown with 384 ppm SO, (double the amount 
of the complete nutrient solution) to determine if 
toxic effects could be induced. The amount of vascu- 
lar tissue differentiated was similar to the control, 
however, cells were often misshapen, particularly those 
composing the vascular rays. The cortical cells were 
smaller and thinner walled, and the epidermis was 
not as distinct as the controls. The shape of the cam- 
bial cells was less discrete than the normal. 

The striking differences in anatomical structure of 
plants grown with low SO, as compared to those 
grown in the complete nutrient solution were not ob- 
served within the Cl series (fig 4). Cellular abnor- 
malities such as collapse and obliteration of cells were 
not present. Compared to the control plants, those 
grown with low Cl showed a very slight reduction in 
amount of vascular tissue. With higher concentra- 
tions of Cl (140, 280 ppm) some reduction in secon- 
dary vascular tissue occurred, particularly in the in- 
terfascicular region. With 280 ppm Cl, there were 
fewer layers of cortical cells, and smaller but thicker 
walled secondary xylem elements. The diameter of 
the stem was nearly comparable to the control plants, 
however, the pith area was larger. 

The leaves from plants grown with low and high 
concentrations of SO, and Cl were thicker than the 
control in both years. The cellular structure of leaves 
from low SO, plants showed fewer cells giving a more 
open aspect compared to the more compact layer of 
palisade cells grown at 192 ppm (fig 7, 8, 9). Plants 
grown with low Cl showed a greater compactness in 
the palisade layer than those grown at 240 ppm, 
which was the reverse of what was apparent in the 
low SO, leaves (fig 10, 11). 


DISCUSSION 


~ 


Although S deficiency symptoms were manifest 
under conditions of this experiment, visual Cl de- 
ficiency symptoms were not evident. Admittedly, the 
techniques used in these nutrient studies were in- 
ferior to those required to obtain Cl deficiency. As 
described by Ulrich and Ohki (21), failure to obtain 
Cl deficiency symptoms in many cases may be due to 
air and salt contamination. These may have been 
major sources of contamination in the present inves- 
tigations. Despite the failure to obtain visual Cl de- 
ficiency symptoms in these tests there were interesting 
factors affected by the high levels of Cl supplied. 

Deviations in leaf length and weight in the Cl 
series were not marked. Growth was greater, how- 
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ever, as Cl concentration increased. The highest 
value recorded for leaf weight in the Cl series was 
noted for the 280 ppm level. 

Striking effects on leaf length and green weight of 
leaves were found in the SO, series. Tobacco grown 
at the 96 ppm level had the greatest leaf length. 
Successive increases to the 384 ppm concentration 
were associated with reductions in average length of 
leaf. Leaf-weight values, highest at 96 ppm SO,, de- 
creased at the higher concentrations of SO4. Average 
leaf weight of tobacco grown in the complete solu- 
tion was comparable to the 192 ppm SO, level. 

The reduction in leaf length and weight at the 
higher SO, levels suggests that an osmotic effect of 
the nutrient solution might be a factor. Hoagland 
(10) found that solutions of 2.0 to 2.5 atmospheres 
might exert inhibitive effects on plant growth. How- 
ever, approximate calculations of pressure in solu- 
tions of this experiment are less than the inhibitive 
level. Although the Na ion was added at several lev- 
els in the present tests, it may not have been exerting 
inhibitive effects. McEvoy (16) found in extensive 
tests that yields of flue-cured tobacco grown in sand 
culture were not affected significantly by Na supply. 

Furthermore, growth reductions in tobacco as- 
sociated with the high SO, supply appear to be in 
contrast to the findings of McEvoy (15). He re- 
ported a wide range of tolerance to the SO, ion. It 
must be stated here, however, that data from this ex- 
periment does not include cation uptake. The addi- 
tion of both Na and SO, may have caused wide fluc- 
tuations in the Na uptake of the plants and thus af- 
fected materially the entire cation-anion relationship 
and growth. 

Inhibitive effects of increased Cl concentration on 
leaf burn were clearly demonstrated in these tests. 
Actual reduction at higher levels was marked in both 
years of testing. Effects of SO4 levels on leaf burn 
were not as marked. In fact, the over-all leaf burn 
values in the SO, series were generally higher than at 
comparable concentrations of the Cl ion. Sulfate ions 
at the higher levels decreased leaf burn in these tests 
thereby verifying findings of other workers. 

The contents of Cl and SO, in the tissue as influ- 
enced by levels in the nutrient medium substantiate 
previous findings of other workers. Sulfate sulfur 
uptake was-depressed by an increase in Cl level and 
similarly Cl uptake was depressed by increased SO, 
in the medium. Hoagland (11) has discussed this 
relationship of Cl and SO, levels and their bearing on 
uptake by the plant. Data obtained from the present 
tests and those of Hoagland do not agree with those 
of Reisenauer and Colwell (20) who reported that a 
high rate of S application significantly increased con- 
centration of Cl in the leaf. Gauch and Eaton (7) 
stated that increasing the SO, concentration of the 
solution decreased Cl absorption while an increase in 
Cl concentration did not affect SO, percentages in the 
plant. Thus, it appears that considerable disparity 
of opinion still exists with reference to the influence 
of the Cl and SO, ion. It may be dependent, as 


Eaton (5) has stated, on the cations that are prese: t 
and the tolerance of different plants to the Cl an 
SO, ion. 

The relative increases in Cl and SO, percentag: s 
in tissue in proportion to the concentration in the 
medium were of interest. An increase in the Cl ion 
level from 35 ppm to 280 ppm caused an increa‘e 
from 0.85% to 2.94%. A corresponding sevenfol:l 
increase of the SO, ion from 48 ppm to 384 ppm only 
increased the percentage of SO, from 0.90 to 1.60 in 
the tissue. 

The striking effects of low SO, as shown in these 
studies were practically corrected at the 96 ppm SQ, 
level. It would appear that the minimum SO, level 
needed from the standpoint of normal structure as 
well as growth and leaf burn would be between 6 
and 192 ppm. Reduced growth and leaf burn and 
misshapen cells with smaller, thinner walls were evi- 
dent at the high SO, level of 384 ppm. 

Thickening in the secondary xylem elements at 
the 280 ppm Cl level as found in these tests are in 
agreement with the findings of Hayward and Long (9) 
for the tomato where high concentrations of NaCl 
were supplied in the substrate. Increase in leaf 
thickness of plants grown at high levels of Cl and 
SO, in the present tests also agree with results re- 
ported by Hayward and Long (8). 

Anatomical structure of the leaves did not reveal 
a reason for better leaf burn of tobacco grown at low 
concentrations of SO, or Cl ion. This also agrees with 
earlier results reported by Johnson et al (13) who 
found no significant difference in the anatomy of 
leaves with good and poor burn quality. | 


SUMMARY 


1. Tobacco plants grown in quartz sand culture at 
low SO, exhibited characteristic sulfur deficiency 
symptoms. 

2. Statistical analyses of average leaf length re- 
vealed highly significant reductions in size due to the 
low SO4. 

3. Average length and weight of leaves decreased 
as SO, levels were increased beyond 96 ppm. 

4. Plants grown at low Cl exhibited no marked 
growth responses but increases in Cl to 280 ppm 
caused moderate increases in average length and 
weight of leaf. 

5. Inhibitive effects of high Cl on leaf burn were 
clearly demonstrated while effects of high SO, were 
not as marked. 

6. Effects of Cl and SO, ions on chlorine and sul- 
fate sulfur percentage in the leaf were shown. Chlor- 
ine percentage in the leaf was increased to a greater 
extent than sulfate sulfur by additions of the respec- 
tive ion to the substrate. 

7. Abnormalities in the stem structure were found 
with low SO,. Increased leaf thickness was found at 
higher concentrations of the Cl and SO, ion. 

8. Variations in burn of tobacco leaves could not 
be explained on the basis of anatomical structure. 
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MULTIPLE SITE UPTAKE OF INDIVIDUAL CATIONS BY ROOTS 
AS AFFECTED BY HYDROGEN ION! 


MAURICE FRIED anp J. C. NOGGLE 
Som anp Water ConservATION RESEARCH DIvISION, AGRICULTURAL RESEARCH SERVICE, 
U. S. DEPARTMENT OF AGRICULTURE, BELTSVILLE, MARYLAND 


Many investigators have suggested that metabolic 
uptake of ions by cells involves a system of carriers. 
A comprehensive review is given by Epstein (6). 
The ion combines with the carrier to form an active 
intermediate. The active intermediate breaks down 
essentially irreversibly to release the ion inside the 
cell. 

Cations that are similar chemically may compete 
with each other for the same binding site. However 
different carriers are involved for different groups of 
cations. Thus Collander (4), and Epstein and Hagen 
(7), and Menzel and Heald (19), have indicated 
that rubidium and cesium and potassium are com- 
petitive for the same site. Although calcium utilizes 
a different site than potassium, Epstein and Leggett 


1 Received November 18, 1957. 


(8), and Menzel and Heald (19) have shown that 
strontium and barium compete with calcium. 
Neither sodium nor magnesium was found to be 
competitive for either of these sites. 

Over a limited concentration range Epstein and 
Hagen (7), and Epstein and Leggett (8) noted one 
carrier site for each cation. Epstein and Hagen 
noted an anomaly at higher ion concentrations with 
sodium and Epstein and Leggett an anomaly with 
strontium. Over a wide concentration range Hagen 
and Hopkins (12) demonstrated two carrier sites for 
phosphate uptake. 

Various investigators (14, 15, 16, 21) have shown 
that the hydrogen ion concentration of the bathing 
medium affects ion uptake. Others (1, 2, 3, 11) have 
minimized this effect within usual physiological 
ranges. Jacobsen et al (17), using the model of Ro- 
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senberg (22), suggested that the cation carrier is 
metabolically produced at the external surfaces as 
the hydrogen complex, HR, and that the anion car- 
riers were metabolically produced at the external 
surfaces as the hydroxyl complex R’OH. They form- 
alized this in equations a and b, 


HR + M* == MR+H°* (a) 
R’OH + A =— R’A+ OH (b) 


where HR and R’OH represent the metabolically 
produced cationic and anionic binding substances. 
MR and R’A serve as transporting agents, transfer- 
ring ions from culture medium to the vacuole (17). 

On the other hand, Epstein and Hagen (7) and 
Hagen and Hopkins (12) have described ion uptake 
by carriers without any detailed assumptions as to 
the nature of the carrier. Ion absorption is described 
by these authors in the following equations. 





ky 

R+ M (outside) =—_— MR (1) 
ks 

MR — R’ + M, inside) (2) 
ky 


where R represents a metabolically produced site, M, 
the ion, MR, the active intermediate and k the rate 
constant for each reaction. 

Hagen and Hopkins (12) have shown by kinetic 
analysis that hydroxyl ion is a competitive inhibitor 
of phosphorus uptake and behaves similarly to other 
competitive inhibitors such as ADP and _ pyrophos- 
phate in phosphate uptake (13) and selenate in sul- 
fate uptake (18). 

The competitive inhibition of phosphate uptake 
by hydroxyl ion is consistent with the uptake mech- 
anism described by both Hagen and Hopkins (12) 
and Jacobsen et al (17). However, the present auth- 
ors prefer the description afforded in equations 1 and 
2 since it makes no assumptions as to the location of 
the carrier nor the specific combination in which the 
carrier occurs. By analogous interpretation from 
kinetic analysis as developed for ion absorption (7, 
12), the present results demonstrate that hydrogen 
ion is a competitive inhibitor of cation uptake. The 
cations used were sodium, potassium, rubidium and 
strontium. Although different sites are involved for 
various cations, two sites are shown to be involved in 
uptake of each of these cations. Competitive inhibi- 
tion is demonstrated at one of the two sites of ion 
uptake found for each cation. This is the site that 
dominates ion uptake at lower ion concentrations. 
Although hydrogen ion effects are also demonstrated 
at higher ion concentrations where a second site dom- 
inates cation uptake the experiments were not de- 
signed to show whether this effect is competitive. 


METHODS 


Tueory: Where kg in equation 2 is rate limiting 
in the forward direction and ky, is negligible, the ob- 
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served absorption of an ion is proportional to MIR 
as shown in equation, 3. 


v=k, [MR] t 3) 

where v =the amount of ion, M, absorbed in time. t. 

From these equations a velocity equation can be 

derived analogous to case III for enzyme action de- 

scribed by Hofstee (16) and utilized by Hagen, Leg- 
gett and Jackson (13) for phosphorus uptake. 


v=-K Venn (4) 


eg 
m [ M] 


ks 





. ky + ; 
where K,, equals a analogous to the Michielis 


1 
constant (20), and Vmax equals the amount absorbed 
when all of the carrier is saturated with the ion un- 
der study, i.e., MR=SR. 

v 
[M] 
result for each site provided [M] remains essentially 
constant during the steady state uptake. The slope 
of this straight line is - K,,, the apparent dissociation 
constant of MR, when ks > kg (16). The y inter- 
cept is Vingx and Vmax = kg [SR]t. 

If another ion competes for the same site, the 
Vmax is the same in the presence of the competing ion 
(12) but the slope of the line changes. This change 
in slope reflects a decrease in the amount of ion at a 
given concentration associated with the site in the 
presence of a competing ion. Although the presence 
of one ion may affect the rate of uptake of another 
ion without being competitive, such an_effect always 
results in a changed V,,,x and may also result in a 
change in slope. 

It is more convenient to determine the total ion 
sorbed (absorbed plus adsorbed) instead of the total 
absorbed. Since adsorption not involved in uptake 
is negligible for monovalent cations as shown by 
Fried, Noggle and Hagen (10) and for phosphate as 
shown by Hagen and Hopkins (12) this would change 
equation 3 to 3a below: 


v=[MR]kgt + [MR] (3a) 
However it would not affect equation 4 except that 


Vinas > [SR ]kst + [SR] instead of 
Vinax = [SR Jkt (3b) 


Thus, whether amount of ion absorbed or total 


If v is plotted against a straight line should 


sorbed is measured a plot of v vs will give a 


y 
[M] 
slope, —-k,, the apparent dissociation constant. 
TECHNIQUE: The methods employed are similar 
to those described by Epstein and Hagen (7). Seeds 
of Hordeum vulgare, var. Atlas 46, were germinated 
in demineralized water and grown for 6 days in con- 
tinuously aerated 2x 10+M CaSO,4. Twelve hours 
before an experiment was to begin, the roots were 
rinsed and demineralized water was substituted for 
the CaSO, solution. The roots were excised, rinsed 
and suspended in two liters of continuously aerated, 
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demineralized water just prior to making the sorp- 
tion studies. 

Chloride salts of Rb, Na, K and Sr were labeled 
with Rb§*, Na*4, Na??, K#2, and Sr8® respectively. 
The pH of Rb and K solutions were adjusted to the 
desired value with 0.1 N NaOH or 0.1N HCl. The 
pH of Na solution was adjusted to desired value with 
0.1. N KOH or 0.1‘N HCl. 

The excised roots were blotted on washed, dry 
cheesecloth. One half gram portions of roots were 
weighed for Rb, K, or Na studies and 1.5 g portions 
for Sr studies and placed in beakers of continuously 
aerated water. The water was decanted and re- 
placed by the appropriate radioactive solution to be- 
gin the sorption period. The cation concentration 
was maintained essentially constant by proper selec- 
tion of root : volume ratios. At the end of the sorp- 
tion period for Rb, Na or K, the solution was de- 
canted and the roots were rinsed four times with 
demineralized water to remove adhering solutions 
and “outer space” (5) ions. The ion still associated 
with the root was considered total ion sorbed. At 
the end of the sorption period for Sr the solution 
was decanted, roots were rinsed with demineralized 
water, and adhering ions desorbed for a period of 30 
minutes in continuously aerated solution of nonradio- 
active 102M CaCly. The Sr still associated with 
the root was considered total Sr absorbed. After 
rinsing, the roots were placed into circular, 4%4-ounce 
seamless tin boxes and dried under an infrared lamp 
prior to measurement of activity. Aliquots of the 
radioactive solutions were pipetted into tin boxes, 
dried, measured and used as a standard for comput- 
ing ion absorption by roots. 


EXPERIMENTAL RESULTS 


The uptake of cation in a given period of time 
was plotted against the uptake divided by the con- 
centration of cation in solution. The times chosen 
were in the steady state region as shown by Fried, 
Noggle and Hagen (10). This was 20 minutes for 
rubidium and potassium, 30 minutes for sodium and 
one hour for strontium. 

The uptake of rubidium at various concentra- 
tions from 10-® to 10-* M was measured in the pres- 
ence and absence of 10-5 and 10 M potassium. The 
results are presented in figure 1. : 

One site, assuming the carrier concept of ion up- 
take, should give a straight line relationship. How- 
ever a curve was obtained. Since the curved line can 
be resolved into at least two linear components a and 
b, by the use of polar coordinates more than one site 
must be involved in rubidium uptake. Because the 
relationship appeared to approach linearity at both 
extremes of the curve, the linear components can also 
be approximated by extrapolation to the intercepts at 
both coordinates (fig 1). This approximation is 
feasible because the apparent K,, for each component 
differs widely (12). Therefore, a likely explanation 
for the experimentally observed phenomenon was 
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Fic. 1. The effect of potassium concentration on the 


uptake of rubidium by 0.5 g (fresh wt) of excised barley 
roots in 20 minutes. The uptake from solutions of vari- 
ous RbCl concentrations is plotted as a function of up- 
take divided by Rb concentration. The b-component 
of the reactions is separated at all potassium concentra- 
tions and the a-component at the zero-k level. 


that two different sites were operative for rubidium 
absorption, one dominant at lower concentrations of 
the ion and the other at higher concentrations. 

The uptake of rubidium in the presence of dif- 
ferent concentrations of potassium also gives curved 
lines when plotted in the same manner. Again these 
curves can be separated into two linear components. 
The linear component at lower concentration of ru- 
bidium are illustrated by lines b’ and b”. These linear 
components have the same Vj, aS the linear com- 
ponent, b, in the absence of potassium. This indi- 
cates that the decrease in the uptake of rubidium 
represents direct competition by potassium. Appar- 
ently potassium combines with the same carrier as 
rubidium. 

The uptake of sodium, potassium, rubidium and 
strontium at various concentrations was measured in 
presence of 10-4, 10-5, 10° and 10-7 M hydrogen ion. 
Hydrogen ion concentration was maintained constant 
during the sorption period. The uptake of ion was 
then plotted against the uptake divided by concen- 
tration. For the sake of simplicity only the results 
at pH 4 and 6 are shown. At these pH levels no 
adjustment of pH was necessary during the experi- 
ment. The results at pH 5 were intermediate and 
those at pH 7 did not differ appreciably from pH 6 
except for sodium which continued to show a hydro- 
gen ion effect at the higher pH levels. For rubidium, 
potassium and sodium the total ion sorbed was meas- 


ured. For strontium only the total ion absorbed was 
measured. Results are presented in figures 2a, b, e, 
and d. 


Again curved lines were obtained at all pH levels. 
The two linear components were again approximated 
by extrapolation to the intercept of both coordinates. 
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Fia. 2a-d. The effect of pH on the uptake of cations by excised barley roots. The uptake from various con- 
centrations of the cation is plotted as a function of uptake divided by concentration. The component reactions are 
separated into lines a and b for pH 6 and a’ and b’ for pH 4. Fig. a. Moles of Rb sorbed (x 10°) by 0.5 g (fresh 
wt) of roots in 20 minutes. Fig. b. Moles of K sorbed (x 10°) by 0.5 g (fresh wt) of roots in 20 minutes. Fig. ec. 
Moles of Sr absorbed (x 10") by 1.5 g (fresh wt) of roots in 60 minutes. Fig. d. Moles of Na sorbed (x 10°) by 


0.5 g (fresh wt) of roots in 30 minutes. 


Apparently the uptake of the four cations studied 
takes place from at least two distinct sites for each 
of the cations. 

The results recorded in figure 2 also show that 
hydrogen ion is strictly competitive with each of the 
cations for b, the site that dominates ion uptake at 
low concentrations of the cation and probably com- 
petitive for the other site, a, that dominates ion up- 
take at the higher cation concentrations. The strict 
competition of hydrogen ion is evident because the 
Vmax (Y intercept) is the same at both pH levels and 
the slope of the component lines differs at the two 
pH levels. 


DISCUSSION 


The uptake of each cation, apparently involves at 
least two distinct sites. This is somewhat analogous 
to the finding that two sites are involved in phos- 
phorus uptake by excised barley roots as described 
by Hagen and Hopkins (12). However, the two sites 
for phosphorus were shown to be related to two sep- 
arate ion species, HPO, and H2,PO,. No such ex- 


planation is apparent for cations, particularly mono- 
valent cations. 

At least two sites of ion uptake were demonstrated 
for strontium, rubidium, potassium and_ sodium. 
Other cations may also have multiple sites. The po- 
tassium sites may be identical to the rubidium sites 
as suggested by figure 1 and the work of Epstein and 
Hagen (7). The calcium sites may also be identical 
to the strontium sites as indicated by both Epstein 
and Leggett (8) and Menzel and Heald (19) at rela- 
tively high ion concentrations. 

The slope of line a and b equal the respective K,, 
values, the apparent dissociation constant of MR (the 
active intermediate as discussed under “MetTHops”). 
These K,, values were calculated for Rb, K and Sr. 
The results recorded in table I under the heading K,, 
are a mean of several experiments. The results indi- 
cate that potassium, rubidium, and strontium carrier 
complexes have approximately the same apparent 
dissociation constants. 

To calculate the dissociation constant, K,, of the 
complex formed with the competing ion, requires a 
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TABLE I 


APPARENT DiIssociATION ConstTANts oF Na, K, Rb, aANnp 
Sr AND THE APPARENT DISSOCIATION CONSTANTS 
or CoMPETING Ions 








APPARENT DISSOCIATION CONSTANTS 








CATION SITE K, : 
SORBED DESIGNATION ; A , 
Kn et a (PorassiuM) 
Na a 4x10" 
Na b 1x10° 2x10° 
kK a 1x 10° 
K b 3x 10° 1x 10° 
Rb a 2x10" 
Rb b 4x 10° 1x 10° 4x 10° 
Sr a 3x10" 
Sr b 3x 10° 1x 10° 





generalized relationship for uptake in the presence 
and absence of the competing ion. 

The equation for a competing ion used by Hagen 
and Hopkins (12) and Epstein and Hagen (7) when 
operating in the same system for the ion under test 
is formally analogous to equation 1 and is shown be- 
low as equation 5 

+R RR (5) 
where R in equation 1 and 5 is the same carrier, I is 
the competing ion and IR a complex of the competing 
ion and the carrier. By considering the equations 
for the equilibrium constants of the two reactions and 
the conservation equation 


[3R] = [R] + [IR] + [MR] (6) 

a mass action equation can be derived relating the 
concentration of the ions and the apparent dissocia- 
tion constants to the amount of active intermediates. 
ee - .[KaJ(T]\(MR] 

[MR] =[3R] (Ku K, [Mi] (7) 

By substituting for MR and SR the respective 


relationships obtained from kinetic equations of steady 
state, 3a and 3b, equation 8 is obtained: 








te I ; 
bi \ max (Ks + K, (M] (8) 
where a plot of v vs v/[M] has a slope = 
‘ K,,] [1 
-( a+ Bgl) 


Thus the apparent dissociation constant for po- 
tassium at the site that dominates at lower rubidium 
concentrations can be calculated from slope of line b 
(K,,), and either b’ or b”, - Bate) in fig- 

i 
ure 1. The apparent dissociation constants for hy- 
drogen ion at the sites dominant at lower ion concen- 
trations of rubidium; potassium and strontium sites 
can also be calculated from the appropriate lines b, 
pH 6 and b’, pH 4 in figure 2. Each run gave a 


slightly different value. The averages of several de- 
terminations are presented in table I. 

The apparent dissociation constant, K,,, of po- 
tassium as determined by the uptake of potassium 
was approximately the same as the apparent dissoci- 
ation constant of potassium, K,, from the rubidium 
site. Again it appears likely that the rubidium site b 
and potassium site b are one and the same site. 

The apparent dissociation constant of the hydro- 
gen ion complex, K;, at site b is approximately the 
same for the site complexes of the three cations K, 
Rb, and Sr. This is higher than the dissociation con- 
stants for the cations themselves but only by a factor 
of approximately three. The magnitudes of the dis- 
sociation constants indicate that both hydrogen ion 
and the cations are relatively tightly held. 

The K, (hydrogen ion) for sodium could not be 
calculated from data in figure 2d. A 10+ molar so- 
lution of hydrogen ion almost eliminated the appear- 
ance of site b, figure 2 d, in the sodium uptake system, 
indicating that hydrogen ion was more tightly held 
than sodium at this site. The same hydrogen ion 
concentration also had a marked effect on site a. 
Since hydrogen ion had a greater affinity for the 
sodium site than did sodium, pH 6 was not adequate 
to eliminate the effect of hydrogen ion at lower con- 
centrations of sodium. 

The K,, for a cation must be calculated in a sys- 
tem in which the concentration of competing ion is 
negligible. The K,, for sodium was therefore calcu- 
lated from uptake data at pH 7. The K, (hydrogen 
ion) was calculated from comparative uptake data at 
pH 5.0. The results are recorded in table I. 

The K,, for sodium at the site that dominates at 
lower concentrations appears to be somewhat greater 
than that for the other cations tested. This indicates 
a slightly lower affinity of sodium for the sodium site 
than of the other cations for their respective sites. 
The K,, of site a is similar to that found for the other 
cations. The K, (hydrogen ion) is smaller for sodium 
than the K,, of sodium indicating again that hydrogen 
is more tightly held than sodium. Hydrogen ion also 
appears to be more tightly held to the sodium sites 
than to the other cation sites. 

The hydrogen ion competes with rubidium, potas- 
sium, sodium and strontium, and possibly most other 
cations. However, the dissociation constants for 
hydrogen ion on the b site are of same order of mag- 
nitude as the dissociation constants for the cation. 
Thus, when cation concentration is appreciably 
higher than hydrogen ion concentration there is little, 
if any, pH effect due to competition. However, if 
the concentrations are similar, marked pH effects 
may be noted. 


SUMMARY 


The uptake of rubidium, potassium, sodium and 
strontium by excised barley roots under steady state 
conditions indicates at least two distinct carrier sites 
of absorption for each of the cations. One site domi- 
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nates at higher ion concentrations while the second 
dominates at lower ion concentrations. 

The apparent dissociation constants were deter- 
mined at each of the two sites for each of the four 
cations studied. They were similar in magnitude for 
potassium, rubidium and strontium and slightly 
higher for sodium. 

Hydrogen ion was shown to compete directly for 
each of the sites that dominates at lower concentra- 
tions of all cations tested. The apparent dissociation 
constant for hydrogen ion at the strontium, rubidium 
and potassium site that dominates at lower concen- 
trations was 1x10-5. The comparable dissociation 
constant, K;, at the sodium site was 2x10-*. The 
apparent dissociation constants for hydrogen were 
similar in magnitude to the apparent dissociation 
constants of the ions themselves. Rubidium and po- 
tassium were shown to compete for the same site. 
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GROWTH SUBSTANCES IN CORN POLLEN ?:?:3 


H. N. FUKUI, F. G. TEUBNER, S. H. WITTWER anv H. M. SELL 


DEPARTMENTS OF AGRICULTURAL CHEMISTRY AND HorTICULTURE, 
MicuicANn State University, East LANSING, MICHIGAN 


Growth substances have been detected in the pol- 
len of apple (3), orchid (7), tobacco (5), hazelnut 
shrub and pine (14), and corn (6, 10, 13). Studies of 
the growth substances in corn pollen have been con- 


1 Received revised manuscript November 20, 1957. 

2 This investigation was supported in part by a grant 
from the National Science Foundation. 

3 Journal Article No. 2107 of the Michigan Agricul- 
tural Experiment Station. 


cerned solely with crude ether soluble extracts. This 
communication describes the growth substances found 
in the acid and non-acidic or “ neutral ” fractions in 
ethyl ether extracts of corn pollen, Zea mays, var. 
Golden Cross. 

Freshly harvested pollen (166 grams) was ex- 
tracted with cold, peroxide-free ethyl ether at 2°C 
for four hours. The supernatant was decanted and 
extracted with 5 % aqueous sodium bicarbonate. The 
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non-acidie or “ neutral” substances remained in the 
ether layer, while the acidic substances passed into 
the bicarbonate layer. The bicarbonate solution was 
acidified with hydrochloric acid to pH 2.8 and ex- 
tracted with ethyl ether. This ethereal solution con- 
tained the acidic substances. The acidic and “ neu- 
tral’ solutions were separately concentrated to 2 ml 
under reduced pressure with the bath temperature 
kept below 25°C. The concentrated “ neutral ” oil- 
like residue was then partitioned between acetonitrile 
and hexane (8). The hexane layer containing the 
lipids and some of the pigments was discarded, while 
the acetonitrile layer was concentrated under reduced 
pressure. The concentrated extracts were partitioned 
by paper chromatographic technique on Whatman 
No. 1 filter paper with a solvent mixture composed of 
2-PrOH : NH3: H,O (8:1:1 v/v) (12) and by 
water (11). The dried chromatograms, each repre- 
senting 8 g of pollen, were scanned for ultraviolet 
fluorescent spots with a 2537 “ Mineralight,” cut into 
small sections and biologically assayed by the straight- 
growth method of sectioned Avena coleoptiles, var. 
Brighton (9). Ultraviolet absorption spectra were 
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obtained after elution of individual spots on the 
chromatograms. 

The presence of 3-indoleacetic acid (IAA) in the 
acid fraction was indicated by biological assays of 
spots having R, values corresponding to synthetic 
IAA (fig 1 and 2). These spots were further char- 
acterized by development of typical colors with 
Salkowski and Ehrlich spray reagents, and an ultra- 
violet absorption spectrum characteristic of IAA 
(major max. at 280 my, minor max. at 289 mu, 
minima at 245 and 287 my, shoulder at 273 mp). In 
addition, growth promoting zones, corresponding to 
two distinct ultraviolet fluorescing spots on the chro- 
matograms at R, 0.17 to 0.25 and 0.72 to 0.85, were 
noted (fig. 1). Beside IAA, only one ultraviolet 
fluorescing spot appeared in chromatograms with 
water as the solvent (fig 2). The zone corresponding 
to Ry 0.72 to 0.85 in figure 1 was at the origin in fig- 
ure 2, and was not biologically assayed. 

Growth stimulating zones which fluoresced light 
blue in ultraviolet were prominent in chromatograms 
of the “ neutral” fractions (fig 3 and 4). The ultra- 
violet fluorescent spot of R, 0.70 to 0.90 in figure 3 
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Fic. 1 to4. Chromatographic separation and bioassay of growth substances in acid and “ neutral” fractions of 
ethyl ether extracts of corn pollen. Upper horizontal bar in each figure represents paper chromatograms after de- 
velopment with solvent and spraying with Salkowski reagent. Vertical bars in histograms (lower part of each fig- 


ure) represent mean growth of 10 Avena sections on segments of duplicate chromatograms. 


represents 8 g of original corn pollen. 


Each chromatogram 


Fic. 1. Acid fraction; solvent—2-propanol-ammonia-water (8:1:1 v/v). 


Fic. 2. Acid fraction; solvent—water. 


Fic. 3. Neutral fraction; solvent—2-propanol-ammonia-water (8:1:1 v/v). 


Fic. 4. Neutral fraction; solvent—water. 
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corresponded to ethyl-3-indoleacetate (Ry 0.81) and 
3-indoleacetonitrile (R; 0.76). However, the zone 
neither developed typical colors with Salkowski and 
Ehrlich spray reagents nor possessed an ultraviolet 
absorption spectrum typical of the indole moiety (see 
above). The eluate from the growth stimulating zone 
of Ry 0.00 to 0.16 in figure 4 had an ultraviolet ab- 
sorption spectrum identical with the eluate from the 
zone of Ry 0.70 to 0.90 in figure 3 (major max. at 272 
my, minor max. at 279 my, minima at 255 and 277 
my shoulder at 265 mp). This indicates a conjugated 
system and is very similar to the absorption spectrum 
of benzoic acid. A “neutral” growth substance with 
similar properties has been extracted from immature 
corn kernels in this laboratory (1). 

The results of this investigation add evidence to 
the concept that IAA and other indole derivatives are 
not the only group of naturally occurring plant 
growth substances (2, 4). 


SUMMARY 


In the acid fraction of corn pollen, 3-indoleacetic 
acid and two other growth promoting substances were 
observed. The growth regulator in the “ neutral” 
fraction did not possess an indole moiety. 


The authors are indebted to Mrs. JoAnne DeVries 
and Miss Nancy Carson for performing the biological 


assays. 
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UTILIZATION OF D-GLUCURONATE BY CORN COLEOPTILES! 


W. G. SLATER? ann HARRY BEEVERS 
DEPARTMENT OF BIOLOGICAL SCIENCES, PurDUE UNIVERSITY, LAFAYETTE, INDIANA 


p-Glucuronie acid and p-xylose, which may be re- 
garded as its decarboxylation product, occur natur- 
ally in plant cell wall polysaccharides. Although 
considerable interest has been focused on p-glucuro- 
nate metabolism in animals in connection with its 
role ‘in detoxication little has been established until 
very recently on its origin and metabolism in plants. 

Hough and Pridham (10) have shown that p-glu- 
curonolactone is metabolized in plum mesocarp and 
this is one of the compounds which Isherwood, Chen 
and Mapson have shown to function as a precursor 
for ascorbie acid synthesis in water cress (11). Al- 


1 Received November 25, 1957. 
2Present address: Division of Plant Industry, 
C.S.1.R.0., Canberra, Australia. 


termatt and Neish (1) in a paper which appeared 
after the completion of the present work, have fol- 
lowed the utilization of p-glucuronolactone and sev- 
eral other compounds in the synthesis of cell wall 
materials in wheat. They have emphasized that p- 
glucose and p-glucuronolactone are superior to pen- 
toses as precursors of the p-xylose units in xylan, and 
the labeling data show clearly that loss of carbon 6 is 
involved in the conversion of p-glucuronolactone to 
xylan. A similar loss of C-6 from a glucose skeleton 
was observed in previous work on the origin of the 
pentose units in wheat xylans (13) and in the pec- 
tins of boysenberry and strawberry fruits (16, 17). 
Some of this work has been reviewed (2). 

As a result of their recent work, Altermatt and 
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Neish propose that uridine diphosphoglucose (UDP- 
glucose) occupies a central role as the starting point 
for uridine diphospho-glucuronate and xylan syn- 
thesis and for the analogous uridine diphosphoga- 
lactose ——> araban series of reactions (1). 

While investigating the fate of p-glucuronic acid 
in the plant as part of our studies on carbohydrate 
catabolism we have found it to be rapidly decarboxy- 
lated by some tissues. This paper describes an in- 
vestigation into features of the decarboxylation and 
the fate of the 5-carbon residue in the coleoptiles of 
corn seedlings. It will be seen that the results (which 
have been described previously in a preliminary form 
(18) are in accord with the suggestions of Altermatt 
and Neish (1); indeed we had been led to speculate 
independently along similar lines. 


METHODS 


In most of the experiments, the coleoptiles of 3- 
day-old corn seedlings, variety Wf9/38-11 were used. 
These were obtained by germinating the grain on 
moist paper at 30°C. The coleoptiles were cut into 
slices about 0.5 mm thick, and 1 g fresh weight of 
tissue was incubated with phosphate buffer (pH 5.0 
or 7.0) at 25°C in the presence of the appropriate 
substrate. Large (100-ml) Warburg flasks containing 
3 ml of liquid were used, so that the tissue was al- 
ways well aerated. Oxygen consumption could be 
measured, and the carbon dioxide was absorbed in 
CO.-free sodium hydroxide which was removed for 
determination of CO, and replaced as frequently 
as necessary during each experiment. 

p-Glucuronic acid-6-C' and _ p-glucuronolactone- 
6-C14 were supplied by the National Bureau of Stand- 
ards (Dr. H.S. Isbell), and p-glucuronolactone-U-C4 
(i.e., D-glucuronolactone uniformly labelled with C14 
in all 6 carbon atoms) was donated by the Corn 
Products Refining Company. p-Glucuronic acid-U- 
C'™ was prepared by hydrolysis of an aqueous solu- 
tion of the lactone at 100° C for one hour; the acid 
was then separated from unchanged lactone by paper 
chromatography in ethyl acetate : acetic acid : water 
(8:3:1v:v:v (5)) and eluted with water. 

To determine the radioactivity of the substrates, 
samples were wet-ashed by the method of Stutz and 
Burris (20), and the CO, absorbed in barium hy- 
droxide. COs, released by the tissues was_recovered 
from the alkali by precipitation as barium carbonate, 
which was then spread as a thin film (4 to 16 mg/sq 
em) on planchets, dried, and its activity measured in 
a windowless gas flow counter. All activity meas- 
urements are expressed in counts per minute (cpm) 
at infinite thinness, i.e., corrected for background and 
self-absorption. 


RESULTS 


ABILITY OF DIFFERENT TISSUES TO DECARBOXY- 
LATE D-GLucuRONIc Acip: Table I shows the Oo.- 
consumption and C4Q,-production of a number of 
tissues, sliced thinly and incubated for four hours at 
25° C with 50 micromoles (20,600 cpm) of p-glucu- 


TABLE I 


DECARBOXYLATION OF D-GLUCURONIC AcID-6-C"™ By 
Various PLant Tissues 








CO:,cpm* = Ox UPTAKE ** 





Corn, coleoptile 2040 1940 
Corn, root 1880 1350 
Barley, coleoptile 734 930 
Wheat, coleoptile, 630 950 
Castor bean, hypocotyl 217 1040 
Castor bean, endosperm 129 1500 
Pea, epicotyl 242 600 
Soy bean, epicotyl 224 1000 
Lima bean, epicotyl 168 700 
Kidney bean, immature seed 314 890 
Kidney bean, pericarp 193 320 
Tomato, petiole 153 226 
Kalanchoe, peduncle 22 295 
Bryophyllum, leaf 420 490 
Coleus, stem 110 135 





* Per g fresh weight in 4 hours. 
** Microliters per g fresh weight in 4 hours. 
50 micromoles of p-glucuronic acid-6-C™% containing 
20,600 cpm was supplied as substrate in each case. 


ronic acid-6-C14 at pH 5.0. In general, those tis- 
sues with the higher rates of respiration were most 
efficient in converting the radioactive p-glucuronate 
to C40, The highest activity was shown by young 
tissues oi the three cereals, and the best of these, 
corn, was used for all subsequent experiments. 

PROGRESS OF DECARBOXYLATION BY CoRN COLEOP- 
TILES: The course of C!#O, production from 20 mi- 
cromoles and 50 micromoles of p-glucuronic acid-6- 
C™ js shown in figure 1. With the smaller quantity, 
half of the radioactivity had been recovered in 16 
hours, and 75% in 21 hours. Respiratory activity 
declined steadily during the experiment. 

Arrosic NATURE OF THE Process: In the absence 
of air (replaced by nitrogen), production of C40, 
was almost completely inhibited (fig 2). 

OrIGIN OF CO. PropUCED FROM D-GLUCURONIC 
Actp: In order to determine whether C-6 alone ap- 
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Fic. 1. COs production from p-glucuronic acid-6-C™ 
(A. 50 micromoles; 20,600 cpm: B. 20 micromoles; 5650 
cpm) by 1.0 g sliced coleoptiles; pH 7.0. 
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peared as COs, equivalent molar and radiochemical 
amounts of the specifically (6-C'™) and the uni- 
formly labeled acids were used. The specifically 
labeled acid therefore contained 6 times as much ac- 
tivity in the 6-carbon position as did the uniformly 
labeled acid, so that if this were the only carbon atom 
released, a ratio of 6:1 in the radioactivity of the 
CO. from the 6-C' and U-C! acids would be ex- 
pected. This was the value actually observed experi- 
mentally, as figure 3 (curves A and B) shows. The 
values for radioactivity recov ered from U-C!* (curve 
A) have all been multiplied by 6 to demonstrate the 
close agreement of the experimental to the theoreti- 
eal ratio during the first 12 hours; after that time 
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curve A diverges from B, indicating the release, ‘s 
COs, of carbon atoms other than C-6. 

BEHAVIOUR OF D-GLUCURONOLACTONE: D-Glucii- 
ronic acid in aqueous solution comes into equilibriuin 
with its corresponding p-glucuronolactone (6). The 
reaction appears to be a slow one at normal temper:i- 
tures, although Rabinowitz, in his work on decarboxy!- 
ation by kidney preparations found that the lactone 
and acid were equally effective as substrates and 
considered them to be readily interconvertible (4). 

The four curves in figure 3 show the decarboxy|- 
ation of the free acid and lactone, in both the spe- 
cifically and uniformly labeled forms, by corn coleop- 
tile tissue. It is clear that the lactone is attacked, 
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Fic. 2. CO, production from p-glucuronic acid-6-C™ (20 micromoles; 5650 cpm) in air and in nitrogen by 1.0 g 


sliced coleoptiles; pH 7.0. 


Fic. 3. C“O, production from 20 micromoles (5650 cpm) of: A. p-glucuronic acid-U-C“ (cpm in CO: x6); 
B. p-glucuronic acid-6-C" (cpm in CO:); C. p-gluc uronolactone-U-C™ (epm in CO. x12); D. p-glucuronolactone- 


6-C™ (cpm in CO.); by 1.0 g sliced coleoptiles; pH 7.0. 


Fic. 4. Chromatogram of alcohol-soluble contents of coleoptiles and medium after incubation with p-glucu- 


ronolactone-U-C™. 
upper part of the figure. 


Only p-glucose and p-glucuronic acid were detected in color tests for sugars, as shown in the 


Fic. 5. Chromatogram of products of hydrolysis from alcoho!-insoluble residue obtained from cabeasillle sections 


after incubation with p-glucuronolactone-U-C™. 
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although C14O, release (curves C and D) lags some- 
what behind that from the corresponding acids 
(curves A and B). However, the ratio of radioactiv- 
it. in the CO, from C-6-labeled lactone to that from 
uniformly labeled lactone was 12: 1 rather than 6: 1. 
The values for C140, formation from the p-glucu- 
ronolactone-U-C1# (C) have been multiplied by 12 
to show this relationship. No satisfactory explana- 
tion can be offered for the fact that in each experi- 
ment in which the two lactones were compared, a 
ratio of 12: 1 (rather than 6: 1 anticipated from the 
acid results) was obtained. It appears that only half 
of the added uniformly labeled lactone can be de- 
carboxylated in vivo; in a chemical decarboxylation 
of the two lactones, achieved by boiling in 1: 1 hy- 
drochlorie acid for 1.5 hours (12a) the radioactivity 
recovered in the CO. from glucuronolactone-6-C' 
was 6.02 times that from an equivalent amount glu- 
curonolactone-U-C!4. 

PRODUCTS OF THE DECARBOXYLATION: The prod- 
uct expected after the removal of CO, at the 6-car- 
bon atom from p-glucuronic acid is p-xylose. Pre- 
sumably, this would then be liable to oxidation (3), 
but the fact that the two curves in figure 3 do not 
begin to diverge until after some 12 to 15 hours sug- 
gests that the residue of five carbon atoms is not, in 
fact, broken down further during this time. Accord- 
ingly, coleoptiles and medium were extracted in boil- 
ing 80% ethanol, after an 18 hour incubation with 
100 micromoles of p-glucuronolactone-U-C, and the 
extract analyzed for soluble products, by paper 
chromatography in ethyl acetate : acetic acid : water 
(8:3:1 v:ivi:iv). <A radioactive scanning of the 
paper was made by cutting it into l-cm strips and 
counting these individually without elution; the re- 
sults of this analysis are shown in figure 4, together 
with the positions of marker substances on the chro- 
matogram. 

In the absence of any trace of pentose, or other 
derivative of the decarboxylation, other treatments 
were tried. For example, when the extract was frac- 
tionated into acidic, basic, and neutral components 
on ion-exchange resins, all the activity remained in 
the acid fraction, and this was found to be entirely 
due to unchanged p-glucuronie acid itself. Different 
conditions of extraction, and treatment with phospha- 
tase before extraction (to break down any insoluble 
phosphorylated derivatives, eg., of sugars) also 
proved unfruitful. 

Attention was therefore turned to the alcohol-in- 
soluble material. This was strongly radioactive, and 
a quantitative comparison of the C1* in the CO, re- 
leased with that in the residue yielded the results 
shown in table IT in two separate experiments. These 
figures establish the fact that any 5-carbon product 
of the decarboxylation is converted rapidly into 
some insoluble form. An attempt was made to de- 
termine which components of the residue were la- 
beled, by hydrolysis and chromatography, but the 
large excess of inactive cellulose made a quantitative 
analysis impracticable. Figure 5 illustrates a chro- 


TABLE II 


RELATIONSHIP BETWEEN C™ IN COz AND IN THE 
“INSOLUBLE” FRACTION AFTER METABOLISM OF 
D-GLUCURONOLACTONE-U-C™ By 








Crm = CpM IN 
INSOLUBLE CO Ratio 
RESIDUE . 


EXTRACTING SOLVENT 





Hot 80% ethanol 50,000 9,600 5 
Cold 10% trichloracetic acid 25,200 5,100 4 


2:1 
9:1 





matogram obtained by hydrolyzing the dried alco- 
hol-insoluble residue with 1% sulphuric acid under 
reflux for 12 hours (12), and developing the concen- 
trated and neutralized hydrolyzate in ethyl acetate : 
acetic acid: water. The most strongly radioactive 
component was D-xylose, with some activity in p-glu- 
cose, and a little in uronic acid. 


DISCUSSION 


The close adherence to a 6:1 ratio in figure 3 
(curves A and B) shows that, as in the rat kidney 
preparations of Rabinowitz (14, 15) it is the carbon 
atom in position 6 which is lost during decarboxyl- 
ation of p-glucuronate by corn coleoptile tissue. 
However, a much greater proportion of the supplied 
p-glucuronate was decarboxylated in the present ex- 
periments than in those of Rabinowitz and Sall (15); 
whereas the animal preparations effected only 10 to 
12% decarboxylation, the decarboxylation went vir- 
tually to completion when 10 micromoles of substrate 
were supplied to 1 g of corn coleoptiles. Rabinowitz 
(14, 15) was unable to decide whether the acid or the 
lactone was the immediate substrate for decarboxyl- 
ation, because both were equally reactive in his sys- 
tem. In corn, on the other hand, the curve of C140. 
release from the lactone lags slightly behind that for 
the acid, which might suggest that the lactone is first 
hydrolyzed. Experiments in which p-glucuronolac- 
tone-U-C!4 was used and: the alcohol-soluble products 
separated chromatographically, showed that corn cole- 
optile tissue was in fact able to bring about a thermo- 
labile hydrolysis to p-glucuronic acid. At pH 5, where 
only a trace of acid was produced in the absence of 
the tissue, hydrolysis was complete within 24 hours 
when slices were added. At pH 7, where the spon- 
taneous hydrolysis of the lactone occurs at a notice- 
able rate (about 50 % hydrolysis in 24 hr) no lactone 
remained after this time in the presence of the tissue, 
and the radioactive area coincided with p-glucuronic 
acid (fig 4). No cell-free preparation capable of hy- 
drolyzing the lactone has yet been obtained from corn 
coleoptiles; Eisenberg and Field have recently de- 
scribed such an enzyme in liver homogenates (7). 

The absence of any trace of pentose in the ex- 
periments such as that illustrated in figure 4 indicates 
that the products of decarboxylation are not liber- 
ated in the free state, and the high level of radioac- 
tivity in the residue supports this suggestion. The 
products are apparently rapidly converted to insolu- 
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ble material, of which p-xylose, combined in poly- 
saccharide, is the main radioactive component (fig 
5). The presence of p-xylose in a hydrolysis under 
such drastic conditions as these must be accepted 
with caution, but there are two reasons for accepting 
the p-xylose as a valid component of the residue. 
First, the chromatograms of the digest revealed large 
amounts of uronic acid which had withstood the acid 
hydrolysis, but which had very low activity (fig 5). 
Second, the ratios of (C1 in residue) : (C!4 in CO.) 
are so close to theoretical (i.e., 5:1) that only traces 
of radioactive substances, other than the products of 
decarboxylation, could be present in the insoluble 
residue (table II). 

Existence of an active process such as this in the 
plant leads to consideration of its significance in vivo. 
Although free p-glucuronic acid is not known to occur 
naturally in plants the present experiments show that 
it is decarboxylated at a rate at least as great as that 
of p-gluconic acid (3), which as 6-phosphogluconic 
acid, is an intermediate in the pentose phosphate cy- 
cle. It is now suggested that this reaction may throw 
additional light on the question of pentosan synthesis 
in plants since it demonstrates convincingly the oc- 
currence in vivo of the split between carbons 5- and 
6- of a 6-carbon chain. In addition, it seems clear 
that the decarboxylation leads quantitatively to xylan 
synthesis by a process not involving free p-xylose as 
an intermediate. 

These facts are in accord with the following mecha- 
nism of xylan synthesis proposed independently by 
Altermatt and Neish (1) from their extensive work 
on labeling patterns in the xylan units of wheat poly- 
saccharides. 

polyuronides 
Glucose —» UDP-glucose —» UDP-glucuronate 1 Nihcaned — xylans 
CO, 

The facts that the decarboxylation of supplied 
p-glucuronate has an Oy, requirement and that UDP 
derivatives of pentose have now been isolated in small 
amounts from wheat by Ginsburg, Stumpf and Hassid 
(8) are in harmony with the proposed involvement of 
UDP derivatives as xylan precursors. The concept 
derives further support from the work on glucurony] 
transfer in animal tissues (19) and from the finding 
that in the cell-free decarboxylation of p-glucuronate 
in rat liver, UTP is an effective co-factor (14). 

The demonstrated inability of tissues to make di- 
rect use of p-xylose in pentosan synthesis (1, 8) 
must, on this line of reasoning, be ascribed to an 
inability of the tissue to form directly a UDP deriva- 
tive. As the labeling data show (1, 8) p-xylose is ap- 
parently first converted into hexose units in the pen- 
tose phosphate pathway. This hexose unit is then 
presumably converted to its UDP derivative before 
oxidation to UDP-glucuronate and decarboxylation 
to UDP-pentose. This would ascribe the origin of 


UDP-pentoses to reactions of the corresponding hex- 
ose derivatives. 
It is implied by the ability of the tissues to uti- 


PLANT PHYSIOLOGY 


lize p-glucuronate that this can be converted into a 
UDP form, although no direct evidence for this reac- 
tion can be cited. The results from pentose utiliza- 
tion (1, 8) and on uronie acid formation in the cell 
free system (19, 21) make it appear unlikely that 
free p-glucuronic acid is an obligatory intermediate 
in the synthesis of xylans from hexose. The reac- 
tion leading to uronic acid products which has been 
elucidated is one which involves UDP-glucose rather 
than free glucose, and the enzyme involved is a DPN 
linked dehydrogenase which yields UDP-glucuronic 
acid as the product. This reaction has now been 
demonstrated in pea extracts (21) and the enzyme 
has been highly purified from this material. The ac- 
tivity of such an enzyme in the present connection 
could clearly limit the natural rate of xylan (and 
polyuronide) synthesis from p-glucose. However, it 
is also clear from the fact that the young tissues had 
the greater ability to deal with added p-glucuronate 
that the whole complex of enzymes involved may be 
more active in the younger, actively growing tissues. 
In these tissues a significant part of the glucose might 
be diverted towards pentosan synthesis, and such a 
diversion leading to an excess of C-6 in the respired 
CO, could well account for occasional values of 
greater than unity observed for the C-6: C-1 ratio 
by Beevers and Gibbs (4). 


SUMMARY 


Out of a variety of tissues tested, young corn 
coleoptile was superior in its ability to decarboxylate 
p-glucuronic acid-C! under aerobic conditions. By 
comparing radiochemical yields in the ClO, pro- 
duced from p-glucuronie acid-6-C' and p-glucuronic 
acid-U-C'™ by 1-g coleoptiles, it was shown that, over 
a period of about 12 hours (during which nearly half 
of the 20 micromoles of substrate supplied had been 
utilized) the only carbon from the substrate to ap- 
pear in the CO, was that from C-6. p-Glucurono- 
lactone-C!* was also decarboxylated, and the slices 
were shown to bring about the hydrolysis of the lac- 
tone to the free acid. 

No soluble products of the decarboxylation of p- 
glucuronic acid-U-C1 could be detected, but the in- 
soluble residue after 80 % alcohol extraction or 10 % 
TCA precipitation contained five times as much radio- 
activity as the respired CO.. Hydrolysis of this ma- 
terial revealed that the bulk of the radioactivity was 
in D-xylose units derived from polysaccharide. This 
suggests that xvlan synthesis and decarboxylation of 
p-glucuronate are very closely linked. 

Other evidence on the origin of p-glucuronaite and 
its utilization is also summarized, and the present ex- 
periments are considered to lend support to some re- 
cent proposals of Altermatt and Neish (1) implicating 
UDP-glucose, UDP-glucuronate and UDP-xylose in 
xylan synthesis from glucose in plant tissues. 


This paper based on work performed under con- 
tract No. AT(11-1)-330 with the Atomic Energy 
Commission, and we wish to record our appreciation 








of t 
gluc 
ing 


to 


or 


~ 


lieve 
char 
leav 
enzy 
fluer 
ery | 
the 

first 
caus 
ids, 

ever 
with 
serv 





11S 





SLATER AND BEEVERS—D-GLUCURONATE UTILIZATION 151 


of this support. Gifts of p-glucuronolactone and p- 
glucuronolactone-C!* from the Corn Products Refin- 
ing “‘ompany are gratefully acknowledged. 


LITERATURE CITED 


1, AtrerMaTT, H. A. and Netsu, A. C. The biosyn- 
thesis of cell wall carbohydrates. III. Further 
studies on formation of cellulose and xylan from 
labeled monosaccharides in wheat plants. Can. 
Jour. Biochem. Physiol. 34: 405-413. 1956. 

. Axetrop, B. and Beevers, H. Mechanisms of carbo- 
hydrate breakdown in plants. Ann. Rev. Plant 
Physiol. 7: 267-298. 1956. 

3. Beevers, H. Intermediates of the pentose phos- 
phate pathway as respiratory substrates. Plant 
Physiol. 31: 339-347. 1956. 

4. Beevers, H. and Gisss, M. The direct oxidation 
pathway in plant respiration. Plant Physiol. 29: 
322-324. 1954. 

. Brown, F. Application of paper chromatography 
to the separation of non-volatile carboxylic acids. 
Nature 167: 441. 1951. 

6. Corn Propucts Rerinery Company, 17 Battery 
Place, New York, N. Y. Technical Bulletin JN-2. 

. Ersenperc, F, and Fierp, J. B. The enzymatic hy- 
drolysis of glucuronolactone. Jour. Biol. Chem. 
222: 293-300. 1956. 

8. GinssurG, V. and Hassip, W. Z. Pentose metabo- 
lism in wheat seedlings. Jour. Biol. Chem. 223: 
277-284. 1956. 

9. Grnssure, V., Stumpr, P. K. and Hassip, W. Z. The 
isolation of uridine diphosphate derivatives of 
p-glucose, D-galactose, p-xylose and _ 1-arabinose 
from mung bean seedlings. Jour. Biol. Chem. 223: 
972-983. 1956. 

10. Hoven, L. and Pripuam, J. B. The metabolism of 
p-glucuronic acid in plum tissues and its relation 


nw 


or 


to gummosis. Arch. Biochem. Biophys. 59: 17-23. 
1955. 

11. IsHERWoop, F. A., CHen, Yi and Mapson, L. W. 
Synthesis of t-ascorbic acid in plants and animals. 
Biochem. Jour. 56: 1-15. 1954. 

12. Jermyn, M. A. Cellulose and hemicellulose. In: 
Moderne Methoden der Pflanzenanalyse II. K. 
Paech and M. V. Tracey, eds. Springer, Berlin 
1955. 

12a. McCreapy, R. M., Swenson, H. A. and Mactay, 
W. D. Determination of uronic acids. Ind. Eng. 
Chem., Anal. Ed.. 18: 290-291. 1946. 

13. NetsH, A. C. The biosynthesis of cell wall carbo- 
hydrates. II. Formation of cellulose and xylan 
from labeled monosaccharides in wheat plants. 
Can. Jour. Biochem. Physiol. 33: 658-666. 1955. 

14. Rasrnowirz, J. L. Studies on the decarboxylation 
of radioactive glucuronolactone by in vitro sys- 
tems. Jour. Amer. Chem. Soc. 77: 5180-5181. 1955. 

15. Rasrnowirz, J. L. and Sarr, T. Studies on a glucu- 
ronolactone decarboxylase. Biochem. Biophys. 
Acta 23: 289-294. 1957. 

16. Seeamitier, C. G., AxeLrop, B. and McCreapy, R. M. 
Conversion of glucose-1-C™ to pectin in the boy- 
senberry. Jour. Biol. Chem. 217: 765-775. 1955. 

18. Srater, W. G. and Beevers, H. Decarboxylation of 
glucuronic acid by plant tissues. Plant Physiol. 
31 Suppl.: xxxix-xl. 1956. 

19. Storey, I. D. E. and Dutton, G. J. Uridine com- 
pounds in glucuronic acid metabolism. Biochem. 
Jour. 59: 279-288. 1955. 

20. Stutz, R. E. and Burris, R. H. Photosynthesis and 
metabolism of organic acids in higher plants, 
Plant Physiol. 26: 226-243. 1951. 

21. Srromincer, J. L. and Mapson, L. W. Uridine di- 
phosphoglucose dehydrogenase of pea seedlings. 
Biochem. Jour. 66: 567-572. 1957. 


CHANGES IN OXIDATIVE ENZYME ACTIVITY DURING THE 
CURING OF CONNECTICUT SHADE TOBACCO! 
ISRAEL ZELITCH ann MILTON ZUCKER 


DEPARTMENTS OF BIOCHEMISTRY AND OF PLANT PATHOLOGY AND Botany, 
Tue Connecticut AGRICULTURAL EXPERIMENT STATION, 
New Haven, ConNEcTICUT 


The activities of enzymes initially present are be- 
lieved to be responsible for the major -chemical 
changes that occur during the curing of tobacco 
leaves (3, 10). Accordingly, the stability of specific 
enzymes under curing conditions could markedly in- 
fluence the final composition of the cured leaf. Vick- 
ery and Meiss (10) and others (3, 4) have shown that 
the major changes in composition occur during the 
first 8 to 12 days of air curing. Respiration, which 
causes a loss of about 16% of the total organic sol- 
ids, also ceases by the end of this period (10). How- 
ever, most previous studies of enzymes have dealt 
with non-oxidative reactions, and it has been ob- 
served that the activities examined persist even be- 


1 Received November 30, 1957. 


yond 12 days (1, 2, 3, 8). Such results seem 
surprising since at least 50% of the proteins are 
broken down during curing (4, 10). It would appear 
that proteins of widely different degrees of stability 
are present and it has recently been suggested (8) 
that many of the enzymatically active proteins are 
included in the stable group. 

Since oxidations are fundamental to the curing 
process, the activities of some soluble oxidative en- 
zymes which vary greatly in their mechanism of ac- 
tion have been investigated. A marked decline, and 
in some cases a complete loss, of enzymic activity as 
well as a disappearance of oxygen uptake by leaf tis- 
sue has been observed. These results correlate well 
with earlier investigations on the chemical changes 
that occur during curing. 








METHODS 


SAMPLING AND CurtNG: Leaves were picked by 
the statistical method (9) from tobacco plants of the 
shade-grown variety Connecticut 49. Five samples 
were collected from 10 plants, the 16th to the 20th 
leaf being taken. All leaves were mature according 
to commercial standards. Each sample contained 10 
leaves. One sample was used to represent the initial 
time, and the other four were strung on laths and air 
cured in a chamber maintained at 32°C and 65% 
relative humidity with an air velocity of 20 to 25 feet 
per minute for 2, 6, 9 and 13 days respectively. At 
the end of each time interval, a sample was withdrawn 
and weighed, and 1-em discs to be used for the de- 
termination of respiratory activity were punched 
from identical positions in each leaf. The leaf dises 
were floated in a small volume of water in Warburg 
vessels which contained KOH in the center wells, and 
the rate of oxygen uptake was measured in the dark 
at 30° C. 

PREPARATION OF Extract CONTAINING SOLUBLE 
Enzymes: After removal of the dises, the leaves were 
washed with tap water and ground in a chilled plate 
mill. Sufficient water was added to the cured sam- 
ples during the grinding procedure to compensate for 
the water lost during curing. Each extract was fil- 
tered through cheesecloth, and collected in the cold 
in a container to which activated carbon (Darco G- 
60) had been added to make the final concentration 
1 g per 100 g of initial fresh weight of the sample. 
All subsequent steps were carried out at a tempera- 
ture between 0 and 5° C. The pH of the homogenate 
(about 5.5) was raised to about 6.5 by the dropwise 
addition of 2.6N KOH. The volume, in milliliters, 
at this stage was approximately the same as the ini- 
tial fresh weight of the sample in grams. The ex- 
tract was centrifuged for 10 minutes at 20,000xG 
and the supernatant fluid was dialyzed for 20 hours 
against several changes of distilled water. Turbidity 
developed during the dialysis, and the insoluble pro- 
tein was removed by centrifugation for 10 minutes 
at 20,000xG. The volume of the supernatant fluid 
was then measured and samples were used for the 
enzyme assays. Each assay was carried out at two 
levels, one twice as high as the other. In order to 
determine the amount of soluble protein present, a 
sample of the dialyzed extract was treated with suf- 
ficient ethanol in the cold to make the final concen- 
tration 75% by volume. Nitrogen was determined 
in the precipitate produced. 

Matic DEHYDROGENASE: The assay used was 
based upon: the reaction shown in equation 1 (6). 


DPNH + H’ + oxalacetate 
=1-malate+ DPN* (1) 


To a cuvette of 1 cm light path containing 100 micro- 
moles of tris(hydroxymethyl)aminomethane hydro- 
chloride (TRIS) buffer at pH 7.5, were added 0.3 
micromole of reduced diphosphopyridine nucleotide 
(DPNH), enzyme extract, and water to make the 
final volume 3.0 ml. The blank cell contained all of 
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the components except DPNH. At zero time, cne 
micromole of oxalacetate was added to each cuvette, 
and the rate of disappearance of DPNH was meis- 
ured at 340 my in the Beckman model DU spectro- 
photometer. One unit of enzyme is defined as ihe 
amount necessary to cause a decrease in absorbance 
of 0.01 at 25°C in one minute under the conditions 
described. 

PoLYPHENOL Ox1pAsE: The method was _ based 
upon measurement of the rate of formation of dark- 
colored polymeric compounds by determination of 
non-specific absorption at 400 mp (equation 2). To 


Catechol + 4% O. > brown pigment (2) 


a cuvette containing 100 micromoles of potassium 
phosphate buffer at pH 6.0, enzyme extract and suf- 
ficient water to make the final volume 3.0 ml, were 
added 20 micromoles of catechol. The rate of “brown- 
ing” in the interval between 15 and 45 seconds after 
addition of the substrate was measured in a Beckman 
model B spectrophotometer. One enzyme unit is <le- 
fined as the amount required to cause an increase in 
absorbance of 0.01 in one minute at 25°C. The ac- 
tivity was found to be proportional to enzyme con- 
centration over a 10-fold range. 

DIAPHORASE: The assay was based on measure- 
ment in Thunberg tubes of the rate of reduction of 
2,6-dichlorophenolindophenol (equation 3) in the 


DPNH + H*+dye > reduced dye+ DPN* (3) 


Coleman model 8 colorimeter at 590 mp (5). The 
components of the assay mixture were 100 micromoles 
of TRIS buffer at pH 7.5, 0.15 micromole of 2,6-di- 
chlorophenolindophenol, enzyme extract, and water 
to make the final volume 6.0 ml. The side arm of 
the Thunberg tube contained 0.15 micromole of 
DPNH. The tubes were evacuated with a water 
pump, and after a suitable period to permit tempera- 
ture equilibration, DPNH was tipped in to start the 
reaction. One unit is the amount of enzyme needed 
to cause a decrease in absorbance of 0.01 in one min- 
ute at 25°C. This is equivalent to about 0.0025 
micromole of DPNH oxidized. 

Giycotic Actip OxipAsE: This activity was de- 
termined by the manometric method (11) (equation 
4). The Warburg vessels contained 100 micromoles 


Glycolate + O. > glyoxylate + H.O. (4) 


of TRIS buffer at pH 8.3, excess riboflavin phos- 
phate, enzyme extract, and water to make the final 
volume 2.0 ml. Ten micromoles of potassium glyco- 
late were placed in the side arm and KOH was pres- 
ent in the center well. After equilibration at 30° C, 
the substrate was tipped in and the rate of oxygen 
uptake was measured for two successive 10-minute 
periods beginning five minutes after the addition of 
the glycolate. One unit is defined as the amount of 
enzyme required to cause an uptake of 1 yl of oxygen 
in 10 minutes. 

GLUTAMIC 


DEHYDROGENASE: The oxidation of 


glutamate was determined by following the rate of 
formation of DPNH (7) (equation 5). 


The cuvettes 
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L-Glutamate + DPN* + H,O 
= DPNH + H* +a-ketoglutarate+ NH, (5) 


contained 50 micromoles of TRIS buffer at pH 838, 
0.9 micromole of disphosphopyridine nucleotide 
(DPN*), enzyme extract, and water to make the 
final volume 3.0 ml. Blank cells contained all com- 
ponents except DPN*. There was no DPNH forma- 
tion in the absence of substrate. At zero time, 30 
micromoles of potassium L-glutamate were added to 
each cuvette, and the rate of DPNH formation was 
measured at 340 my in the Beckman model DU spec- 
trophotometer for five minutes. One unit is the 
amount of enzyme required to cause an increase in 
absorbance of 0.01 in one minute at 25° C. 


RESULTS AND DISCUSSION 


The average initial fresh weight of the five sam- 
ples was 262 g (table I) with a coefficient of vari- 
ation of 0.95%. The sampling error was thus satis- 
factorily small. The fresh weight had diminished to 
less than one half of the initial weight by the 6th day, 
which coincided with the beginning of the yellow 
stage. The brown stage had begun by the 9th day, 
and the leaves of the last sample on the 13th day 
were completely brown. During the curing, the 
leaves lost 80 % of their fresh weight; hence the sol- 
ute concentration was increased about 5-fold in the 
13-day period. 

As shown in table I, about two thirds of the total 
soluble protein N disappeared during curing. The 
figure for the zero time sample is probably too low 
because of less efficient extraction. The overall de- 
crease agrees well with the losses in total soluble 
protein that can be calculated from the data of Po- 
gell et al (8). Since the loss of total protein during 
curing represents about one half of that present ini- 
tially (4, 10), a disproportionately large change must 
have occurred in the soluble protein fraction which is 
known to include many oxidative enzymes. 

The oxygen uptake by the leaf discs diminished 
slowly for the first two days, but decreased rapidly 
thereafter, and was barely detectable by the 9th day. 
At the end of the yellow stage, when browning be- 
gins, it seems safe to assume that death of the plant 
cells had occurred. This time also corresponds to 
the point after which little further loss of total or- 
ganic solids occurs (10). 


TABLE [| 


CHANGES IN CoMPOSITION AND REspPIRATION Rate 
Durina Curina 











Cur'™NG FRESH TOTAL SOLUBLE en eae 
TIME WEIGHT PROTEIN N OXYGEN UPTAKE 
days g mg ul/15 discs x hr 

0 262 101 60.1 

2 198 121 52.3 

6 125 101 20.6 

9 78 40.9 28 


13 50 36.8 0.0 


TABLE II 


OxipaTIve ENzyYMeE Activity oF INITIAL SAMPLE 








7OLU ME OF EXTRAC ArRBI 
ENZYME ACTIVITY Vort —— RetTRART 





ASSAYED UNITS 
ml per ml * 
Malic dehydrogenase 0.002 2,800 
0.004 2,930 
Polyphenol oxidase 0.10 76.0 
0.20 84.5 
Diaphorase 0.005 1,140 
0.01 1,090 
Glycolic acid oxidase 0.10 221 
0.20 194 
Glutamic dehydrogenase 0.05 34.4 


0.10 35.4 





* To convert arbitrary units per ml to total units per 
samp!e, multiply by 290, the final volume of the extract 
in ml. 


The sensitivity of the enzyme assays and the ac- 
tivities of the initial sample are shown in table II. 
The reproducibility of the assays at two levels of en- 
zyme concentration supports the validity of the ac- 
tivity measurements. 

The changes in oxidative enzyme activity are 
plotted in figure 1, the assay at zero time being taken 
as 100%. Malic dehydrogenase and polyphenol oxi- 
dase are quite stable for the first two days, but ac- 
tivity is lost rapidly thereafter so that by the 13th 
day only 23 and 13%, respectively, remain. Dia- 
phorase decreases in a more regular fashion, and only 
13 % of the initial activity was found at the 13th 
day of curing. Glycolic acid oxidase and glutamic 
dehydrogenase are much less stable than the others, 
1 and 4% of the initial activity, respectively, re- 
maining on the 9th day, and no activity being de- 
tectable by the 13th day with the sensitive assays 
used. 
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154 PLANT PHYSIOLOGY 


TABLE III 


Sreciric Activity or OxipaTIvE ENZYMES 
Durine Curinc * 











Curtnc Matic _ Pory- a GtycoLtic GLUTAMIC 
TIME DEHYDRO- PHENOL y 5245, ACID DEH YDRO- 
IN DAYS GENASE OXIDASE OXIDASE GENASE 
0 8,220 230 3,200 596 100 
2 7,090 207 2,140 294 212 
6 5,020 97.8 1,370 92.7 13.8 
9 8,360 748 2,050 21.6 10.6 
13 5,220 79.9 1,150 0.0 0.0 








* Expressed as arbitrary units per mg of protein N. 


Since much of the soluble protein disappears dur- 
ing curing (table I), it is of interest to compare the 
various enzymic activities in terms of protein N. It 
is clear from table III, that malic dehydrogenase ac- 
tivity decreased at about the same rate as the soluble 
protein during curing, since the specific activity did 
not change appreciably. Diaphorase, polyphenol 
oxidase, glutamic dehydrogenase, and glycolic acid 
oxidase activities, however, decreased more rapidly 
than the soluble protein, a result which emphasizes 
the unstable nature of these oxidative enzymes. 

The technique used for the extraction of soluble 
protein is necessarily arbitrary, and the possibility 
existed that the losses in enzymic activity observed 
were caused by an unsatisfactory extraction proce- 
dure or by a change in the solubility of the enzyme 
rather than by an alteration in the enzyme protein. 
Glycolic acid oxidase can be conveniently assayed in 
the crude homogenate, and a comparison was there- 
fore made of the activity recovered in the final en- 
zyme extract with that originally present (table IV). 
There was essentially no difference in the recoveries 
compared with the 40-fold decrease in activity of 
glycolic acid oxidase between the 2nd and the 9th 
day of curing; hence it can be concluded that the loss 
in activity of glycolic acid oxidase was not attribu- 
table to an inefficient extraction procedure or to a 
change in its solubility. An inactivation of the en- 
zyme must have occurred. 

At least some oxidative enzymes do not survive 
air curing, and a considerable variation in stability is 
exhibited by different enzymes. The overall simi- 
larity of the loss in oxidative enzyme activity to the 


TABLE IV 


Recovery oF Grycoric Acip OxipAse ACTIVITY IN 
ENZYME Extract 








TOTAL GLYCOLIC ACID OXIDASE 








CURING TIME —___ cient - RECOVERY 
HoMocenateE ENZYME EXTRACT 
days arbitrary units %o 
2 63,600 35,600 56 
6 11,700 9,360 80 





9 1,170 883 75 


loss in the rate of oxygen uptake (table I) suggests 
that respiration ceases during curing because ina°ti- 
vation of oxidative enzymes accompanies the brek- 
down of protein and dehydration of the tissues. ‘he 
loss both in respiration and enzymic activities shown 
confirms results obtained from a similar experiment 
carried out one year earlier. 

It seems clear that many of the soluble proteins 
involved in respiration are altered during curing. 
The present studies show that some of the critical 
enzymes remain functional for limited periods of 
time only and lead to the conclusion that the rate of 
enzyme inactivation controls the final composition of 
the cured leaf. This is an inference which may be 
helpful in developing improved conditions for the 
process, 


SUMMARY 


The rate of oxygen uptake by intact tobacco leaf 
tissue and the activities of malic dehydrogenase, poly- 
phenol oxidase, L-glutamie acid dehydrogenase, dia- 
phorase, and glycolic acid oxidase in extracts have 
been studied at intervals during the process of air 
curing. Both the enzymic activities and the respira- 
tion rate decreased rapidly during the first 13 days, 
and it is suggested that the major oxidative changes 
involved come to a halt as a result of inactivation of 
the enzymes. Many of the soluble proteins including 
certain enzymes undergo alteration during curing. 
These observations throw light upon some of the re- 
sults described in previous chemical investigations of 
the curing process. 


Grateful acknowledgment is made to Mrs. Marcia 
W. Sutter and Miss Edna Baker for skillful technical 
assistance, to Dr. H. B. Vickery for helpful discus- 
sion, and to the National Science Foundation for a 
grant which supported a part of the expense of this 
investigation. 
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OBSERVATIONS ON THE INCORPORATION OF C™% INTO TARTARIC ACID 
AND THE LABELING PATTERN OF D-GLUCOSE FROM AN 
EXCISED GRAPE LEAF ADMINISTERED 
L-ASCORBIC ACID-6-C!* 1.2 


FRANK A. LOEWUS anp HELEN A. STAFFORD 


WESTERN REGIONAL RESEARCH LABORATORY,®? ALBANY, CALIFORNIA, AND 
Tue Brotocy DePparTMENT, REED CoLtece, PorTLAND, OREGON 


Vickery and Palmer (12) have speculated on the 
possible precursor relationship of p-glucose to (+)- 
tartaric acid in plants. C-2 and C-3 of p-glucose 
have the same configuration as C-2 and C-3 of (+)- 
tartaric acid. They proposed a metabolic path in 
which C-5 and C-6 were lost, presumably via an in- 
termediate such as 5-keto-gluconie acid. 

Hough and Jones (9) have stated that hexuronic 
acids, L-ascorbie acid, and (+)-tartarie acid com- 
monly occur together in nature. Conceivably, L-as- 
corbie acid might be the precursor of (+)-tartaric 
acid through loss of C-1 and C-2 of the former and 
subsequent oxidations of the terminal carbons of the 
four carbon fragment to carboxyl groups. C-4 and 
C-5 of L-aseorbie acid have the same configuration as 
(+)-tartarie acid. 

We have attempted to test the latter possibility. 
L-Aseorbie acid-6-C'44 (3 mg containing 4.7 pe of 
Cl) was fed through the cut stem to a single grape 
leaf (Mission variety, second leaf from the tip of an 
actively growing vine) in 0.3 ml of distilled water. 
The leaf was illuminated by a pair of 10-watt day- 
light fluorescent bulbs at a distance of 12 em. Prac- 
tically all of the radioactive solution was taken up in 
five hours. After 8 hours, the leaf was placed in a 
closed 350-ml container in the dark for an additional 
17 hours. Finally, the accumulated respiratory CO. 
was aspirated into a gas trap of N NaOH. Approxi- 
mately 5 % of the administered label was lost as CO. 
during the dark period. 

The soluble constituents of the leaf were separated 
and recovered as described in another paper (11). 
Most of the activity remained in the particle-free 


1 Received December 9, 1957. 

2 Work done at the Western Regional Research Labo- 
ratory, Albany, California. 

3 Western Utilization Research and Development Di- 
vision, Agricultural Research Service, U. S. Department 
of Agriculture. 

4 Kindly supplied by Dr. H. S. Isbell, National Bu- 
reau of Standards, Washington, D. C. 


extract. Very little activity was removed during 
passage through a cationic exchange resin (Dowex 
50, H*). About one half of the activity remained on 
the anionic exchange column (Dowex 1, formate). 
Most of this activity was eluted with a 3N formic 
acid gradient (10) in four peaks. The 1st peak co- 
incided with the first traces of acid through the col- 
umn and might be due to inadequate washing of the 
column after loading. The 2nd, a very narrow sharp 
peak, came in the region characteristic of ascorbic 
acid. Two peaks of lesser activity followed, the last 
corresponding to malic acid on a paper chromato- 
gram (10). The tartaric acid peak, located by its 
acid titration curve and by its ammonium metavana- 
date reaction, had such low activity as to be unde- 
tectable by the solid sample counting procedure em- 
ployed. After three recrystallizations, the potassium 
acid tartrate from this peak had a specific activity of 
24 epm per mg of carbon (gas-phase counter, 80 % 
efficient). This amount of C™ was too low to be of 
any significance as concerns the possible metabolic 
conversion of ascorbic acid to tartarie acid in the 
grape leaf. The fact that some activity did enter the 
tartrate molecule from C-6 of L-aseorbie acid sug- 
gested that this label was derived, indirectly perhaps, 
from the sugar pool of the leaf. 

In order to explore the latter possibility, the neu- 
tral effluent of the Dowex 1 column was concentrated 
in vacuo to a thick sirup and chromatographed on 
paper using a solvent composed of ethyl acetate, py- 
ridine, and water (8:2:1) (13). About 50% of 
the C! remained very close to the origin after de- 
velopment. Another 30% was found in the sucrose. 
About 5% each was found in the glucose, fructose, 
and xylose bands. The glucose region, which was 
free of other reducing sugars and showed a single 
darkened area in the corresponding radioautogram, 
was cut out and eluted. About 0.7 mg of glucose was 
recovered. It had a specific activity of 100,000 cpm 
per mg of carbon as determined by wet combustion 
of an aliquot after dilution with unlabeled p-glucose. 
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This activity was about one tenth of the specifie ac- 
tivity of the original L-ascorbie acid-6-C14. The dis- 
tribution of this activity as determined by degradation 
with Leuconostoc mesenteroides (7) is given in table 
I. Carbons 1, 3, 4, and 6 were almost equally labeled 
and together accounted for over 90% of the total 
activity of the glucose. A significantly greater amount 
of label appeared in C-2 than in C-5. 

The results indicate that L-ascorbie acid-6-C14 
was extensively metabolized in the grape leaf and 
that C-6 readily entered the triose phosphate pool in 
such a manner that label in the terminal carbons of 
the triose became equilibrated. It has recently been 
reported that in the guinea pig (3) ascorbic acid is 
metabolized by oxidation to diketogulonie acid and 
subsequent decarboxylation. The L-xylose formed in 
this reaction could enter into the pentose metabolism 
of the animal via a conversion to p-xylulose (8) 
which could then be metabolized by the pentose phos- 
phate pathway (2) to hexose. If such processes of 
conversion exist in the plant, then it would be quite 
easy to visualize a pathway leading to the observed 
labeling pattern. Label from L-ascorbie acid-6-C™4 
would first be converted to L-pentose-5-C!, hence to 
p-pentose-1-C14 (an inversion of the carbon chain 
would occur with the intermediate polyol formation), 
and then by pentose phosphate metabolism to hexose 
phosphate-1,3-C!* (1, 6). The latter, upon equilibra- 
tion with the triose phosphate metabolism of the leaf 
would give rise to the observed p-glucose labeled pri- 
marily in carbons 1, 3, 4, and 6 (5). The slightly 


greater amount of label in C-2 than in C-5 would be 
a consequence of pentose phosphate metabolism (1 
4). 

The facile incorporation of label from L-ascorbic 
acid-6-C!4 into the carbohydrate metabolism of the 
grape leaf probably accounts for the small amount 
of label observed in (+)-tartarie acid (11). 
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does not appear to be a direct pathway for the for- 
mation of (+)-tartarie acid from L-ascorbiec acid in 
the grape leaf. 


The authors are indebted to Miss Rosie Jang for 
her assistance in the glucose degradation. 
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News AND NOTES 


Dr. Sterling B. Hendricks, distinguished plant 
physiologist, member of the Editorial Board of this 
Journal, trustee and past vice-president of our Soci- 
ety, has received the highest honor the U.S. can be- 
stow upon career civilian employees. On 16 January 
the White House announced Dr. Hendricks as one of 
five recipients of the President’s Award for Distin- 
guished Civilian Service. Recipients of the award, 
established by the Congress in 1956, are recommended 
by an awards board headed by Secretary of Labor 
J. P. Mitchell. A gold medal was presented to Dr. 
Hendricks at a White House ceremony on 27 January 
in recognition of “his discoveries in soil clays, phos- 
phate minerals, radioisotopes, plant physiology, and 
fundamental chemistry.” Dr. Hendricks is “one of 
the most distinguished and honored scientists of our 
time,” the White House said. Congratulations, Ster- 
ling Hendricks. 


INTRODUCTION TO ENzymMoLogy—Alan H. Mehler. 
Academic Press, Inc., New York. 423 pages. 
1957. $10.80. 


This book has evolved from a course of lectures 
given by Dr. Mehler of the National Institutes of 
Health to a group of investigators with different bio- 
logical and chemical backgrounds. It will therefore 
evoke interest as a possible text or reference work to 
be considered alongside other books in the field of 
enzymology, which, it will be admitted, are still few 
in number and not all equally up-to-date or compre- 
hensive. The present book is admirably up-to-date 
and it provides a considerable amount of detail about 
a great number of individual reactions, but these of 
course are not the only considerations on which a 
book written as an introduction to the subject should 
be evaluated. 

The author’s approach has not been to treat indi- 
vidual classes of enzymes separately, but to deal with 
them seriatim as they occur in various well recognized 
metabolic sequences. The development of general 
concepts about enzymes which was the result being 
aimed for, has not in the outcome been fully achieved. 
To be sure, at appropriate points in the text, the 
properties of this or that enzyme are treated at 
length to emphasize some particular aspect of enzy- 
mology, but the impression which was gained at first 
reading was one of numerous very well documented 
metabolic reactions rather than one of the ingenious 
catalysts themselves which can bring about these 
reactions at appropriate rates. The procedure 
adopted of writing the reactions with structural 
formulae of the reactants but without the name of 
the enzyme responsible for catalyzing the reaction, 
heightens this impression. 

After a very brief introduction there follow sec- 
tions on the hydrolysis of proteins, fermentation and 
oxidation, biological oxidation, sugars, polynucle- 
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otides, amino acids, and acids and acid derivatives. 
A short chapter on the organization of structure and 
function, which includes a section on the synthesis of 
proteins, completes the volume. Sections on oxida- 
tion-reduction potentials and on free energy and the 
concept of bond energy are included, but surprisingly, 
the former comes after the treatment of glycolysis 
and pyruvate oxidation and the latter between “pyri- 
dine nucleotides” and “flavoproteins.” The type of 
treatment which was adopted has not allowed the 
inclusion of chapters which an introduction to the 
subject might logically be expected to have. For ex- 
ample there is no general treatment of methods of 
preparation, separation and purification, of assay pro- 
cedures or of the use of enzymes as analytical tools 
or in technology. 

The text is written in an economical and terse 
style and a justifiably cautious note is struck through- 


out. For example the author is careful to emphasize 
that individual enzymes prepared from different 


sources may have rather different properties; he is 
chary of enzyme models, he gives examples of the 
shortcomings of crystallinity as the final criterion for 
purity, and a skeptical view is taken of what some 
may consider progress in the field of protein synthe- 
sis. A few minor errors and inconsistencies were 
noticed but this is not surprising in a book with so 
much detail. 

The reader who is a plant physiologist will perhaps 
be reconciled to his finding that in the overall bio- 
chemical picture provided by the book, work with 
enzymes from higher plants occupies, rightfully, a 
rather small part. Nevertheless it may appear sur- 
prising that, for example, glycolic oxidase and gly- 
oxylic reductase, which have been obtained in highly 
purified form are hardly mentioned and that the 
phosphorylating abilities of illuminated chloroplasts 
are not given greater prominence. Two interesting 
activities of enzymes (not from plants) which did not 
find a place in the book are those concerned with 
luminescence and with light reception in the eye. 

It might well be argued that what have been con- 
strued as shortcomings in the foregoing derive di- 
rectly from the manner of treatment adopted and 
that it is good discipline, even for the beginner, to be 
made to assimilate important facts about enzymes 
and arrive at general concepts about enzyme action 
while the reactions of metabolic sequences are being 
discussed in detail. However, it seems likely that 
among the many who will find the book of value, the 
most active users will not be the uninitiated, for 
whom the book was intended, but those who, by 
virtue of some experience in the field are already pre- 
disposed to including “information about enzymes in 
their scientific thinking” —H. Brrevers, Dept. of Bio- 
logical Sciences, Purdue University, Lafayette, Indi- 
ana. 
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Die Biovocie perk BLiuTE—F. Knoll. 164 pages, 79 
illustrations. Volume 57 in Verstandliche Wis- 
senschaft; Dre SAFTSTROME DER PFLANZEN— 
B. Huber. 126 pages, 75 illustrations. Vol- 
ume 58 in Verstandliche Wissenschaft; Drie 
ENTSTEHUNG DER KULTURPFLANZEN—F. 
Schwanitz. 151 pages, 59 illustrations. Vol- 
ume 63 in Verstandliche Wissenschaft. Pub- 
lished by Springer-Verlag, Berlin. Price of 
each volume DM 7.80. 


The German pocket series “Verstandliche Wissen- 
schaft” contains a number of titles in the botanical 
field. The three books reviewed here are indicative 
of the high level of excellence maintained in this se- 
ries. The authors are well known and they have 
written thoughtful, intelligent accounts of the status 
of knowledge in their own fields of interest. The 
books are intended for the well-informed layman but 
scientific accuracy is not sacrificed. These are very 
readable books. 
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“Die Biologie der Blute” describes the structure 
and function of the flower. The structural modifica- 
tions of flowers as well as the various pollinating 
agents are presented in a most interesting manner, © 
The text is accompanied by numerous illustrations. 

In “Die Saftstrome der Pflanzen” Dr. B. Huber > 
very ably summarizes the present state of informa- — 
tion regarding the movement of water and solutes in 7 
plants. He first describes the anatomical features of — 
the plant and then discusses the experimental evi- ~ 
dence leading to the various theories of sap move- | 
ment. - 

“Die Entstehung der Kulturpflanzen,” by Dr. F. 
Schwanitz, is a very interesting account of the factors ~ 
concerned in the development of cultivated plants. 7 
The transition from wild plants to cultivated plants 7 
is first discussed and then the many ways of modi- 
fying and improving our present-day cultivated plants 
are discussed—G. R. Noaeir, University Station, 
Gainesville, Florida. 











